
A HISTORY OF SCIENCE 

AND ITS RELATIONS WITH 
PHILOSOPHY Q? RELIGION 




A HISTORY OF SCIENCE 


AND ITS RELATIONS WITH 
PHILOSOPHY & RELIGION 


BY 

SIR WILLIAM CECIL DAMPIER 

{Formerly Whet ham) 

Sc.D., F.R.S. 

Fellow and sometime Senior Tutor of Trinity College, Cambridge 
Fellow of Winchester College (191 7-1947) 


MACMILLAN AND CO LTD 



Jdeu^millan Oo Ltd 

Bombay Calcutta Madras 



CONTENTS 


Preface page vii 

Introduction xiii 

The Origins xxiii 

Chapter I Science in the Ancient World i 

II The Middle Ages 6o 

III The Renaissance 97 

IV The Newtonian Epoch 146 

V The Eighteenth Century 178 

VI Nineteenth-Century Physics 200 

VII Nineteenth-Century Biology 252 

VIII Nineteenth-Century Science and Philosophic 

Thought 288 

IX Further Development in Biology and Anthropology 32 1 

X The New Era in Physics 369 

XI The Stellar Universe 432 

XII Scientific Philosophy and its Outlook 455 

Index 503 



'Natura enim non nisi parendo vincitur.” 


At first men try with magic charm 
To fertilizfi the earthy 

To keep their flocks and herds from harm 
And bring new young to birth • 

Then to capricious gods they turn 
To save from fire or flood; 

Their smoking sacrifices bum 
On altars red with blood. 

Next bold philosopher and sage 
A settled plan decree^ 

And prove by thought or sacred page 
What Nature ought to be. 

But Nature smiles — a Sphinx-like smile — 
Watching their little day 

She waits in patience for a while — 

Their plans dissolve away. 

Then come those humbler men of heart 
With no completed scheme^ 

Content to play a modest part, 

To test, observe, and dream. 

Till out of chaos come in sight 
Clear fragments of a Whole; 

Man, learning Nature* s ways aright, 
Obeying, can control. 

The changing Pattern glows afar; 

But yet its shifting scenes 

Reveal not what the Pieces are 

Nor what the Puzzle means. 

And Nature smiles — still uncorfessed 
The secret thought she thinks — 

Inscrutable she guards unguessed 
The Riddle of the Sphirix, 


Hilfield, Dorset 

September, 1929 



PREFACE 


The vast and imposing structure of modern science is perhaps the 
greatest triumph of the human mind. But the story of its origin, its 
development and its achievements is one of the least known parts of 
history, and has hardly yet found its way into general literature. 
Historians treat of war, oiTpolitics, of economics; but of the growth of 
those activities which have revealed the individual atom and opened 
to our vision the depths of space, which have revolutionized philo- 
sophic thought and given us the means of advancing our material 
welfare to a level beyond the dreams of former ages# most of them 
tell us little or nothing. 

To the Greeks, philosophy and science were one, and, in the 
Middle Ages, both were bound up with theology. The experimental 
method of studying nature, developed after the Renaissance, led to 
a separation; for, while natural philosophy came to be based on 
Newtonian dynamics, the followers of Kant and Hegel led idealist 
philosophy away from contemporary science, which, in turn, soon 
learned to ignore metaphysics. But evolutionary biology and modern 
mathematics and physics on the one hand have deepened scientific 
thought, and on the other have again forced philosophers to take 
account of science, which has now once more a meaning for philo- 
sophy, for theology, and for rehgion. Meanwhile physics, which for 
so long sought and found mechanical models of the phenomena 
observed, seems at last to be in touch with concepts where such 
models fail, with fundamental things which, in Newton’s phrase, 
“certainly are not mechanical”. 

Men of science, most of whom used naively to assume that they 
were dealing with ultimate reality, are coming to see more clearly the 
true nature of their work. The methods of science are primarily 
analytic, and lead, as far as may be, to the explanation of phenomena 
in mathematical form and in terms of physical concepts. But the 
fundamental concepts of physical science, it is now understood, are 
abstractions, framed by our minds so as to bring order and simplicity 
into an apparent chaos of phenomena. The approach to reality 
through science, therefore, gives only aspects of reality, pictures 
drawn on simplified lines, but not reality itself. Nevertheless, even 
philosophers are coming to see that, in a metaphysical study of reality, 
the methods and results of science are the best available evidence, and 
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that a new realism, if possible at all, must be built up by their 
means. 

Simultaneously, a renewed interest in the history of science and its 
interactions with other modes of thought has grown up. The first 
publication in Belgium of the periodical Isis in 1913, and later the 
foundation of the History of Science Society, an international organiza- 
tion with its centre in America, mark an epoch in the development of 
the subject. Probably the philosophic and historical revivals are 
connected, for, while the mathematician or the experimentalist 
engaged on some specific problem needs only a knowledge of the 
work of his immediate predecessors, he who studies the (ijeeper 
meaning of science in general, and its bearing on other reatos of 
thought, musf understand something of how it has come to be.\ 

It is nearly a hundred years since Whewell wrote his books oil the 
history and philosophy of the inductive sciences, but his careful and 
well-balanced judgments are still of use and value. Since Whewdl’s 
day, not only has there been a mighty growth of scientific knowledge, 
but many specialized studies have thrown new light on the pak. The 
time has come for another attempt to tell the general story of science 
on Whewell’s lines, to present, not a detailed study of any one period 
or subject, but a complete outline of the development of scientific 
thought. I believe that such a history of science has much to teach 
both about the inner meaning of science itself and about its bearing 
on philosophy and on religion. 

The humanists of the Renaissance revived the study of Greek not 
solely for the sake of the language and literature, but also because the 
best knowledge of nature available was to be found in the works of 
the Greek philosophers. Thus a classical education then comprised 
all natural knowledge. That has long ceased to be true, and now- 
adays a culture based on the languages of two thousand years ago 
represents very inadequately the true Greek spirit, unless, from 
a simultaneous study of the methods and achievements of science in 
the past and the present, it looks forward joyously to an increasing 
knowledge of nature in the future. 

The general plan of this book is based oh that of a sketch of the 
subject by my wife and myself published by Messrs Longmans in 
1912, under the name of Science and the Human Mind. I have also used 
and extended ideas which appear in some of my other writings, 
especially in the following : The Recent Development of Physical Science 
(Murray, 5 editions, 1904 to 1924); the chapter on ‘‘The Scientific 
Age’^ in Volume xii of the Cambridge Modern History (1910) ; the article 
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“Science” in the eleventh edition of the Emyclopaedia Britannica 
(191 1) ; the collection of scientific classics in the volume of Cambridge 
Readings in the Literature of Science, 1924 and 1929; a Presidential 
Address to the Devonshire Association in 1927 on the Newtonian 
Epoch; and the chapter on “The Birth of Modern Science” in 
Harmsworth’s Universal History (1928). Acknowledgment is due to the 
respective Publishers of these works. 

It is of course quite impossible to specify all the sources from which 
the following chapters have been derived. But I must make mention 
of the help I have obtained from the historical work of Dr George 
Sarton, and the scientific and philosophic writings of my friends 
Dr A. N. Whitehead and Professor Eddington. The first volume of 
Dr Sarton’s monumental Introduction to the History of Science appeared 
in 1927, so that I was able to use his wonderful collection of material 
for my account of ancient times and the early mediaeval period. His 
other volumes will be awaited with interest. 

I am grateful for much personal help from friends who have 
criticized parts of the manuscript or the proof sheets. Professor 
D. S. Robertson read the first chapter on “Science in the Ancient 
World”, Dr H. F. Stewart that on “The Middle Ages”, Sir Ernest 
(afterwards Lord) Rutherford the account of “The New Era in 
Physics”, Professor Eddington the sections on relativity and astro- 
physics and also the last chapter, on “Scientific Philosophy and its 
Outlook”, while my daughter Margaret, Mrs Bruce Anderson, read 
the parts dealing with biology and the introductory matter. Miss 
Christine Elliott did most of the secretarial work; she copied and re- 
copied the manuscript on an average about five times, and made 
innumerable criticisms and suggestions. My sister and my daughter 
Edith shared in the tedious task of preparing the index. I offer them 
all my cordial thanks ; to their help is due much of any value the book 
may possess. 

I began the studies of which this volume is the outcome in an 
attempt to clarify my own ideas on the all-important subjects with 
which it deals. I have written the book chiefly for my own satisfaction 
and amusement, but I hope that some of my readers may find my 
labours useful to themselves. 

w. c. D. D.-W. 


August, 1929 






INTRODUCTION 


The Latin scimtia {scire, to learn, to know), in its widest sense, means 
learning or knowledge. But the English word “science” is used as 
a shortened term for natural science, though the nearest German 
equivalent, Wissenschqfl, still includes all systematic study, not only 
of what we call science, but also of history, philology or philosophy. 
To us, then, science may be defined as ordered knowledge of natural 
phenomena and the rational study of the relations between the 
concepts in which these phenomena are expressed. 

The origin of physical science can be traced in the observation of 
natural occurrences, such as the apparent movements of the heavenly 
bodies, and in the invention of rude implements, by the help of which 
men strove to increase the safety and comfort of their lives. Similarly, 
biological science must have begun with the observation of plants 
and animals, and with primitive medicine and surgery. 

But, at an early stage, men almost universally took a wrong path. 
Led by the idea that like produces like, they tried by imitating nature 
in rites of sympathetic magic to bring rain or sunshine, or fertility to 
the teeming earth. Some of them, not satisfied by the results achieved, 
passed to another stage, to the animistic belief that nature must be 
under the sway of beings, capricious like themselves, but more 
powerful. The Sun became the flaming chariot of Phoebus ; thunder 
and lightning were the weapons of Zeus or Thor. Men sought to 
propitiate such beings, perhaps by rites which were the same as, or 
developed from, those which had arisen in the more primitive stage. 
Other men, watching the fixed stars, or the regular movements of the 
planets, conceived the idea of an immutable Fate controlling human 
destinies, which might be read in the sky. Magic, astrology and 
religion have clearly to be studied with the origins of science, though 
their exact historical relations with science and with each other are 
still uncertain. 

Some order in empirical knowledge appears in the records of 
ancient Egypt and Babylon — units and rules of measurement, simple 
arithmetic, a calendar of the year, the recognition of the periodicity 
of astronomic events, even of eclipses. But the first to submit such 
knowledge to rational examination, to try to trace causal relations 
among its parts, in fact the first to create science, were the Greek 
nature-philosophers of Ionia. The earliest and most successful of such 
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attempts was the conversion of the empirical rules for land surveying, 
mostly derived from Egypt, into the deductive science of geometry, 
the beginnings of which are traditionally assigned to Thales of Miletus 
and Pythagoras of Samos, while the final formulation in ancient times 
was made by Euclid of Alexandria three hundred years later. 

The nature-philosophers sought reality in matter, arid slowly 
developed a theory of a primary element, culminating in the atomism 
of Leucippus and Democritus. On the other hand, the more mystical 
Pythagoreans of South Italy saw reality, not in matter, but in form 
and number. Though their own discovery that the side and diagonal 
of a square were incommensurable in finite units was difficult to 
reconcile with the idea that integral numbers are the fundam^tal 
entities of existence, that idea survived and reappeared from timip to 
time throughout the ages. 

With the rise of the Athenian School of Socrates and Plato, the 
Ionian nature-philosophy was superseded by metaphysics. The Greek 
mind became entranced with its own operations, and turned from the 
study of nature to look within. The Pythagorean doctrines were 
developed into the view that ideas or “forms” alone possess full 
reality, which is denied to the objects of sense. Aristotle in biology 
returned to observation and experiment, but in physics and astronomy 
he followed too closely the introspective methods of his master Plato. 

The conquests of Alexander carried Hellenistic civilization to the 
East, and founded a new intellectual centre at Alexandria. Here, and 
simultaneously in Sicily and South Italy, a new method appeared. 
Instead of complete philosophic schemes, Aristarchus, Archimedes 
and Hipparchus set out specific and limited problems, and solved 
them by scientific processes like those of modern times. Even 
astronomy showed the change. To the Egyptians and Babylonians 
the Universe was a box, the Earth being the floor. The lonians 
realized the Earth as floating free in space; the Pythagoreans as 
a sphere moving round a central fire. Aristarchus, considering the 
definite geometrical problem of the Sun, Earth and Moon, saw that 
it was simpler to imagine the central fire to be the Sun, and from his 
geometry made an estimate of its size. But this theory was unaccept- 
able to most, and Hipparchus returned to the belief in a central 
Earth, with the heavenly bodies moving round it in a complex 
system of cycles and epicycles, a system handed on to the Middle 
Ages in the writings of Ptolemy. 

The Romans, with all their genius as soldiers, lawyers and adminis- 
trators, had little original philosophic power, and, even before Rome 
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fell, science had ceased to advance. Meanwhile, the Early Fathers of 
the Church welded together Christian doctrines, Neo-Platonic philo- 
sophy, and elements derived from oriental Mystery Religions, into 
the first great Christian synthesis, predominantly Platonic and 
Augustinian. Through the Dark Ages, Greek learning was only 
known to the West in abstracts and commentaries, though an Arabic 
school arose which, deriving its original impulse from Greek sources, 
itself made some additions to natural knowledge. 

In the thirteenth century the full works of Aristotle were redis- 
covered and translated into Latin, first from Arabic versions and then 
directly from the Greek. A new and alternative synthesis arose in the 
scholasticism of St Thomas Aquinas, who built up a complete, 
rational scheme of knowledge, in which Christian doctrines were 
reconciled with Aristotelian philosophy and science, a difficult task, 
skilfully done. 

As the survival of Roman Law kept alive the ideal of order through 
the time of chaos and through the Middle Ages, so Scholasticism 
upheld the supremacy of reason, teaching that God and the Universe 
can be apprehended, even partially understood, by the mind of man. 
In this it prepared the way for science, which has to assume that 
nature is intelligible. The men of the Renasissance, when they 
founded modern science, owed this assumption to the Scholastics. 

Yet the essence of the new experimental method was an appeal 
from a completely rational system to the tribunal of brute facts — ^facts 
which bore no relation to any philosophic synthesis then possible. 
Natural science may use deductive reasoning at an intermediate stage 
of its enquiries, and inductive theories are an essential part of its 
procedure, but primarily it is empirical, and its ultimate appeal is to 
observation and experiment ; it does not, like mediaeval Scholasticism, 
accept a philosophic system on authority and then argue from the 
system what the facts ought to be. Contrary to an opinion sometimes 
held, mediaeval philosophy and theology made full use of reason, their 
results being deduced by logical methods from what were accepted as 
authoritative and certain premises, the scriptures as interpreted by 
the Church, and the works of Plato and Aristotle. Science, on the 
other hand, depends on experience, and uses methods somewhat like 
those employed in fitting together the pieces or words of a puzzle. 
Reason is used to solve the definite problems of the puzzle, and to 
form the limited syntheses and theories which alone are possible; but 
observation or experiment is the starting-point of the investigation 
and the final arbiter. 
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Scholasticism as interpreted by Thomas Aquinas preserved a belief 
in the intelligibility of nature, amid the welter of magic, astrology 
and superstition, mostly relics of Paganism, which enmeshed the 
mediaeval mind. But Thomist philosophy included the geocentric 
astronomy of Ptolemy, and the anthropomorphic physics of Aristotle 
with his many erroneous ideas — for instance, that motion implies the 
continual exertion offeree, and again that things are essentially heavy 
or light and seek their natural places. Hence the Scholastics opposed 
the theory of Copernicus, refused to look through the telescope of 
Galileo, and denied that things heavy and light could fall to the 
ground at the same rate, even when Stevin, de Groot and Galileo had 
demonstrated that fact experimentally. 

And an even deeper divergence lay behind these differences^ To 
Aquinas and his contemporaries, as to Aristotle, the real world \wa.s 
that disclosed by the senses: a world of colour, sound and warnith; 
of beauty, goodness and truth, or sometimes perhaps of ugliness, ^vil 
and error. Under the analysis of Galileo, colour, sound and warmth 
vanished into mere sensations, and the real world appeared to be but 
particles of matter in motion, which apparently had nothing to do 
with the beautiful, the good, the true, or their opposites. The per- 
plexities of the theory of knowledge, the difficulties which underlie 
the apprehension of matter in motion by a non-material and non- 
extended mind, appeared for the first time. 

The work begun by Galileo was consummated by Newton, who 
showed that the hypothesis of masses moving under their mutual 
forces was sufficient to explain all the majestic motion of the solar 
system. Thus the first great physical synthesis was put together, 
though Newton himself pointed out that the cause of the gravitational 
force remained unknown. His disciples however, especially the 
French philosophers of the eighteenth century, ignoring his wise spirit 
of caution, converted Newton’s science into a mechanical philosophy, 
in which the whole of the past and future was theoretically calculable 
and man became^ a machine. 

Some clear-thinking minds realized that science did not necessarily 
reveal reality, while others, with practical wtedom, accepted deter- 
minism as a convenient working hypothesis for science — indeed the 
only hypothesis possible at the time^ — but treated man as a free and 
responsible agent in ordinary life, and continued to practise their 
religion unperturbed. The whole of existence is too great a thing to 
yield its secrets when studied in one aspect only. Another line of 
escape from mechanism was taken by the followers of Kant and Hegel, 
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who, in German idealism, built up a philosophy ultimately derived 
from Plato, a philosophy which became almost completely separated 
from contemporary science/ 

In spite of these reactions, Newtonian dynamics reinforced both 
crude materialism and the philosophy of determinism. To minds more 
logical than profound the inference from science to philosophy 
seemed inevitable, an inference strengthened with every advance in 
physical science. Lavoisier extended the proof of the persistence of 
matter to cover chemical transformations, Dalton finally established 
the atomic theory, and Joule proved the principle of the conservation 
of energy. The motion of each individual molecule, it is true, was still 
indeterminate, but statistically the behaviour of the myriad molecules 
which make up a finite quantity of matter could be calculated and 
predicted. 

In the second half of the nineteenth century it seemed to some men 
that the mechanical outlook was extending to biology. Darwin 
gained credence for the old theory of evolution by marshalling the 
facts of geology and variation, and framing the hypothesis of natural 
selection. Man, who, a little lower than the Angels, had surveyed 
creation from the Earth its centre, became a mere link in the chain 
of organic development on a small and casual planet circling round 
one of a myriad stars — a puny being, the plaything of blind, irresistible 
forces, which bore no relation to his desires or his welfare. 

Physiology, too, began to expand the field of research within which 
physical and chemical principles could be used to explain the 
functions of the living organism. In some biological problems the 
organism must be treated as a whole, and this fact is of philosophic 
importance. But science is by its nature analytical and abstract, and 
is forced to express as much of its knowledge as possible in terms of 
physics, the most fundamental and abstract of all the natural sciences. 
When it was found that more and more could be so expressed, 
confidence was gained in the method, and there arose a belief that 
a complete physical or mechanical explanation of all existence is 
theoretically possible. 

Supreme importance is thus given to those physical concepts which, 
at any given time, are the most fundamental yet reached, though 
philosophers have sometimes been rather too late in adopting them. 
The German materialists of the nineteenth century based their philo- 
sophy on Kraft und Staff just when physicists were realizing that force 
was but an anthropomorphic aspect of mass-acceleration, and matter 
was being sublimated from the hard, massy particles of Democritus 
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and Newton into vortex atoms or kinks in an aethereal medium. 
Light, explained by Young and Fresnel in terms of mechanical 
waves in a semi-rigid, material aether, was converted by Maxwell 
into electro-magnetic undulations in something unknown — a simpli- 
fication to the mathematician, but a loss of intelligibility to the 
experimentalist. 

In spite of these indications, most men of science, and especially 
biologists, at that time held a common-sense materialism, and 
believed that physical science revealed the reality of things. They did 
not read idealist philosophy, and in any case would not have been 
convinced thereby. But in 1887 Mach, speaking in language! with 
which they were familiar, revived the old theory that sciencelonly 
gives information about phenomena as apprehended by the s^ses, 
and that the ultimate nature of reality is beyond the reach of our 
intelligence. Others upheld the view, that, while this phenomenalism 
is as far as the scientific evidence can carry us, yet the fact that science 
has put together a consistent model of natural phenomena is a valid 
metaphysical argument that some reality, corresponding to the model, 
lies beneath. But the different sciences are only analogous to plane 
diagrams from which the model can be constructed, so that, for 
instance, the determinism indicated by mechanics is but an effect of 
our procedure and of the definitions which underlie that science. 
Similarly, principles such as the persistence of matter and the con- 
servation of energy are inevitable, for, in constructing a science of 
nature from the welter of phenomena, the mind, unconsciously and 
as a matter of convenience, picks out those quantities which remain 
constant, and builds its model round them. Then, later on, with 
immense labour and pains, the experimentalist rediscovers their 
constancy. 

But few nineteenth-century men of science were interested in 
philosophy, even in that of Mach. Most of them assumed that they 
themselves were dealing with realities, and that the main lines of 
possible scientific enquiry had been laid down once for all. It seemed 
that all that remained for the physicist to do was to make measure- 
ments to an increasing order of accuracy, and invent an intelligible 
mechanism which would explain the nature of the luminiferous 
aether. 

Meanwhile biology had accepted Darwinian natural selection as 
an adequate explanation of the origin of species and had turned to 
other problems. It was only with the rediscovery in 1900 of Mendel’s 
forgotten work that the question was reopened, and Darwin’s experi- 
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mental method once more used. While the broad facts which point 
to evolution in past geological ages are conclusive, some men came to 
doubt whether natural selection acting nowadays on small variations 
is a sufficient cause of new species. 

Then, from 1895 onwards, there came the new revelation in physics. 
Atoms were resolved by J. J. Thomson into more minute corpuscles, 
and these in turn into electrical units, the mass of which was explained 
as being merely one factor in electro-magnetic momentum. It began 
to look as though ‘‘electricity” were to be the last and sufficient word 
in physical science. Rutherford explained radio-activity in terms of 
atomic disintegration, and pictured the atom as a positive nucleus 
with negative electrons circling round it. Matter, instead of being 
dense, closely packed stuff, became an open structure, in which the 
material, even as disembodied electric charges, was almost negligible 
in size compared with the empty spaces. Furthermore, the statistical 
principles of atomic disintegration were discovered. It became 
possible to calculate how many atoms in a milligram of radium will 
explode in a second, though we cannot yet tell when the life of any 
given atom will end. 

If waves of light are electrical, they must start from electric charges 
in motion, and at first it seemed that in our new-found electron, 
moving in accordance with Newtonian dynamics, we had a satis- 
factory electrical theory of matter. But, if electrons swing round the 
nucleus of the atom as planets circle round the Sun, they should give 
out radiation of all wave-lengths, the energy increarsing in a calculable 
way as the wave-length shortens. This does not happen, and, to 
explain the facts, Planck was led to suppose that radiation is emitted 
and absorbed in definite units or quanta, each quantum being a fixed 
amount of “action”, a quantity equivalent to energy multiplied by 
time. This theory was greatly strengthened by its success in fields of 
physics other than that which saw its birth; yet it could not, like the 
classical theory of continuous waves, explain easily and naturally the 
facts of diffraction, and other phenomena due to the interference of 
light. We had to be content to use the classical theory for some 
purposes and the quantum theory for others, though they seem 
inconsistent with each other, a compromise unusual to the physicist, 
whose subject had hitherto been the most completely consistent and 
rationalized of all experimental sciences. 

Another difficulty, the constancy of the measured velocity of light 
irrespective of the motion of the observer, was cleared up when 
Einstein pointed out that neither space nor time are absolute 
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quantities, but are always relative to some one who measures them. 
This principle of relativity, when its consequences are followed out, 
means a revolution not only in physical theories, but in the implicit 
assumptions of older physical thought. It explains matter and gravita- 
tion as the necessary consequences of something analogous to curvature 
in a four-dimensional continuum of space-time. The curvature even 
sets bounds to space, and light travelling onwards may, after millions 
of years, return to its starting-point. 

Not only have the hard, massy particles of matter disappeared, but 
philosophically it will be seen that the old metaphysical concept of 
matter, as that which is extended in space and persistent in time, is 
destroyed, now that neither space nor time are absolute, bull are 
figments of the imagination, and a particle is a mere series of events 
in space-time. Relativity reinforces the conclusions of atomic phytics. 

Rutherford’s conception of the atom was developed on the lines of 
the quantum theory by Bohr, who explained many of the facts by 
supposing that the single electron in the hydrogen atom can only 
circulate in four definite orbits, and only radiate at the moments when 
it leaps suddenly from one orbit to another. This, like the quantum 
theory itself, is inconsistent with Newtonian dynamics, as long, at all 
events, as the electron is regarded as a simple particle. 

For a time Bohr’s atom, developed in detail by himself and others, 
seemed a most convincing model of atomic structure, but in 1925 it 
definitely failed to account for some of the finer lines in the hydrogen 
spectrum. In the next year a new chapter in physics was opened by 
the work of Heisenberg, who pointed out that any theory of electronic 
orbits went beyond what the facts warranted. We can only study 
atoms by observing what goes into them or what comes out — 
radiation, electrons, and sometimes radio-active particles; we cannot 
tell what happens at other times. Orbits are an unconscious and un- 
justified assumption, founded on the analogy of Newtonian dynamics. 
Heisenberg therefore left his theory of atomic structure in terms of 
differential equations, with no attempt at a physical explanation. 

Then Schrodinger, taking up de Broglie’s wave-mechanics, de- 
veloped a new theory, on which an electron has some of the properties 
of a particle and some of a wave, an idea since supported by ex- 
perimental evidence. Schrodinger’s theory is expressed by equations 
which are equivalent to those of Heisenberg, so that mathematically 
the two theories are identical. It is impossible to frame a physical 
model on Heisenberg’s theory, and difficult to do so on that of 
Schrodinger. Indeed, a principle of uncertainty has appeared, which 
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indicates that we cannot specify both the position and the velocity of 
an electron. Physical science has successively found many ultimates — 
gravitating particles, atoms, electrons — and in each case has gone 
further and invented models which explained those ultimates in terms 
of something yet more fundamental. But, in the quantum of ‘ ‘ action ’ * 
and in the equations of the indeterminate particle and wavelet, we 
see concepts which the mind finds it difficult to picture. Perhaps 
a new atomic model may be framed successfully once more, but 
possibly we are approaching fundamental things, which cannot be 
expressed in mechanical terms. 

Meanwhile two branches of recent physics have become of special 
practical import. Beginning with Maxwell’s proof that electric waves 
are of the same nature as light, their theory has extended and their 
uses have multiplied till the reflection of electric signals gave us 
“radar”. Rutherford’s nuclear atom with Aston’s isotopic elements 
led to a vast development in pure science and to a method of 
liberating nuclear energy in an “atomic bomb” and (it is hoped) 
in more peaceful applications. 

After a period of separation, with crude materialism on one side 
and somewhat hazy German idealism on the other, science and 
philosophy once more came into touch, first in various forms of 
evolutionary thought, and then, through a deeper analysis, by new 
developments in mathematics and physics. Recent studies of the 
principles of mathematics and of logic have thrown fresh light on the 
theory of knowledge, and led to a new realism which, turning from 
the general philosophic systems of the past, studies limited philosophic 
problems as science studies limited scientific ones, and seeks meta- 
physical reality beneath scientific phenomenalism. 

To some modern philosophers the determinism of science seems to 
be due to its method of abstraction. Its concepts, the modern 
equivalent of Platonic ideas, are alone concerned in its abstract 
reasoning and theories; they have logical consequences, which arc 
indeed inevitable and determined by the nature of the concepts. But 
it is a misplaced concreteness which transfers that determinism to the 
objects of sense. Again, “vitalism” held that in living matter physical 
and chemical laws are suspended by some higher agency. This idea 
too is discredited nowadays, but some physiologists point out that the 
biological organism shows a co-ordination, an integration, of its 
physical and chemical functions beyond the present reach of a purely 
mechanical explanation. Nevertheless, others contend, mechanism 
has to be assumed at each stage of physical or chemical investigation. 
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and, as Schrodinger points out, new physical and chemical laws, at 
present unknown, may ultimately explain vital phenomena, though 
it is possible that mechanism may ultimately break down in a final 
physical principle of uncertainty. Teleology, to be convincing, may 
have to take account of the whole of existence instead of only indi- 
vidual organisms. The universe may be completely mechanical when 
viewed from the abstract standpoint of mechanics, and yet completely 
spiritual from the aspect of mind. A ray of starlight may be traced by 
physics from its distant source to its effect on an optic nerve, but, 
when consciousness apprehends its brightness and colour and feels its 
beauty, the sensation of sight and the knowledge of beauty certainly 
exist, and yet they are neither mechanical nor physical. j 

Physical science represents one analytical aspect of reality; it dra^s 
a chart which, as experience shows, enables us to predict and som'p- 
times to control the workings of nature. From time to time great 
syntheses of knowledge are made. Suddenly bits of the puzzle fit 
together; different and isolated concepts are brought into harmony 
by some master-mind, and mighty visions flash into sight — Newton’s 
cosmogony. Maxwell’s co-ordination of light and electricity, or Ein- 
stein’s reduction of gravity to a common property of space and time. 
All the signs point to another such synthesis, in which relativity, 
quantum theory and wave-mechanics may fall into the all-embracing 
unity of some one fundamental concept. 

At such historic moments physical science seems supreme. But the 
clear insight into its meaning which is given by modern scientific 
philosophy shows that by its inherent nature and fundamental 
definitions it is but an abstraction, and that, with all its great and 
ever-growing power, it can never represent the whole of existence. 
Science may transcend its own natural sphere and usefully criticize 
some other modes of contemporary thought and some of the dogmas 
in which theologians have expressed their beliefs. But to see life 
steadily and see it whole we need not only science, but ethics, art and 
philosophy; we need the apprehension of a sacred mystery, the sense 
of communion with a Divine Power, that constitute the ultimate 
basis of religion. 
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The origins of scienefc must be sought in the records of early man as 
given us by geologists, who study the structure and history of the 
earth, and by anthropologists, who observe the physical and social 
characters of mankind. 

It now seems probable that the crust of the earth solidified some 
thousand million years ago, r6 thousand million, or i-6xio® 
years, is a recent estimate. Geologists classify the periods which 
followed into six: (i) Archaean, the age of igneous rocks formed from 
molten matter; (2) Primary or Palaeozoic, when life first appeared; 
(3) Secondary or Mesozoic; (4) Tertiary or Cainozoic; (5) Quater- 
nary; (6) Recent. The sequence of these periods is shown by the 
relative position of their deposits in the earth’s strata, but no definite 
measurement of their age in years can be made. 

Some authorities hold that traces of man’s 
handiwork arc first seen in tertiary deposits, laid 
down perhaps somewhere between one and ten 
million years ago. They take the form of flints or 
other hard stones roughly chipped into tools. The 
oldest, called eoliths, cannot certainly be dis- 
tinguished from natural products, formed by the 
action of moving earth or water, but the next 
group, named palaeoliths, are clearly of human 
origin. The figure shows a common palaeolithic, 
all-purpose tool, now known as a hand-axe. The 
making of the oldest tools is held by some archaeo- 
logists to show the existence of the first being 
worthy of the name of man. But the most im- 
portant step in human development must have been the change of 
animal sounds into articulate speech, a step which, by the nature 
of the case, has left no trace save the changes in structure of skull 
and jaws which made speech possible. 

It is known that successive ice-ages, probably four, passed over 
Europe in early times. Some think that tools, found in' East Anglia, 
date from before the first of these cold periods, but however that may 
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Ice Ages be, chipped flints appear in the warmer intervals. Two methods of 
working them are known; either by knocking off flakes and leaving 
a central core to be shaped into a tool as in the figure — a method 
characteristic of Africa — or by using the flakes themselves, as seen 
particularly in Asia. Europe forms an area of interlap between the 
two methods, which seem to have been first developed by two distinct 
racial stocks. 

Palaeolithic During the greater part of the Palaeolithic ages hand-axes con- 
Times tinually became lighter and sharper, and other tools more varied and 
more delicate. It is probable that they were used by people who lived 
by hunting animals and gathering edible wild plants. Perhaps the 
oldest being of the core-culture folk in England known to us k the 
Piltdown man, discovered in Sussex, and next the skull foui^d at 
Swanscombe in Kent. \ 

In the final ice-age the core and flake methods were intermingled 
by Neanderthal men. Later the tools took on a blade-like fotm, 
leading to the cutting edge, which enabled men to carve bone iAto 
such things as harpoons and other implements. 

Though fire itself had long been known, about this same time we 
first find traces of the deliberate kindling of fire by striking flint 
against ores. Fire is the earliest and most surprising chemical 
discovery. 

Lower Palaeolithic civilizations, dating from the beginning of the 
Quaternary era, and ending as the last ice-age approached, must 
have covered an immense stretch of time, during which there appears 
to have been a slow but steady improvement in culture. 

Middle Palaeolithic times are associated with what is called Mou- 
sterian civilization, so named from the place where it was discovered 
— Moustier near Les Eyzies. The race which made it, Neanderthal 
man, was of low type, thought not to be in the direct line of human 
evolution. 

Upper Palaeolithic or Neo-anthropic man appeared in the land 
which is now France as the last ice-age drew to a close, though 
a mixture of reindeer with stag in the bones found shows that the 
climate was still cold. The associated men were higher in the scale of 
humanity than any earlier races. The flaking- of flint was much 
improved, there was a definite bone industry with a making of house- 
hold implements, such as eyed needles. 

Neolithic Leaving the immense stretch of Palaeolithic time we pass to Neo- 
Times ages with a great improvement in culture. Neolithic men seem 

to have invaded Western Europe from the East, bringing with them 
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traces of the civilizations of Egypt and Mesopotamia. They possessed 
domestic animals and cultivated crops. They made polished imple- 
ments in flint or other hard stone, and in bone, horn or ivory. Frag- 
ments of pottery also are found, showing the deliberate creation of 
a new thing, a great advance on the mere adaptation of an existing 
material. Again, structures such as Stonehenge, where a pointer-stone 
marks the position of the rising sun at the summer solstice, serve not 
only religious uses but also astronomical functions which indicate 
accurate observation. 

Prehistoric burials are found till the end of the Neolithic period ; 
cremation only appears later and then mostly in Central Europe, 
where forests supplied plentiful fuel. In Neolithic tombs stone imple- 
ments are often found, suggesting a belief that such things would be 
useful to the dead in another world — a belief then in survival. 

In some parts of the world Neolithic men discovered copper — ^how 
to smelt it and harden it by mixing it with tin, thus making the first 
metallurgical experiment, and passing from the stone to the bronze 
age. The general use of metal made possible a higher culture, with 
axes, daggers and their derivatives spears and swords, and the more 
peaceful household goods. 

In its turn bronze, with its comparatively rare constituents, gave 
place to iron, present in much greater abundance in the earth, and 
more effective in weapons of war and the chase. Therefore when men 
discovered how to extract iron from its ores, it soon displaced other 
metals for such uses. With the coming of the iron age we approach 
and soon enter periods when true history can be pieced together by 
the survival of written records on stone, clay, parchment or papyrus. 

Settled life, with primitive agriculture and industrial arts, seems 
first to have begun in the basins of great rivers — the Nile, the 
Euphrates with the Tigris, and the Indus, while it is probable that in 
China too civilization began near its rivers. But, in contrast with 
these river folk, were survivals of nomads — ^pastoral people wandering 
with their flocks and herds over grass-clad steppes or deserts with 
occasional oases. In normal times, the unit groups of these nomads 
kept apart from each other, each in search of food for their beasts: 
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And Lot also, which went with Abram, had flocks, and herds, and tents. And the 
land was not able to bear them, that they might dwell together.. . .And Abram 
said unto Lot ... Is not the whole land before thee? Separate thyself, I pray thee, 
from me: if thou wilt take the left hand, then I will go to the right; or if thou 
depart to the right hand, then I will go to the left.* 


^ Genesis xiii. 5-9. 
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With these isolationist views and customs, neither civihzation nor 
science was possible. Moreover, co-operation between the patriarchal 
family groups only arose for some definite purpose — a hunt of 
dangerous wild beasts or war with other tribes. But sometimes, owing 
to a prolonged drought or perhaps to a permanent change in climate, 
the grass failed, the steppes or oases became uninhabitable, and the 
nomad folk overflowed as an irresistible horde, flooding the lands of 
the settled peoples as barbarous conquerors. We can trace several 
such outrushes of Semites from Arabia, of Assyrians from the borders 
of Persia and of dwellers in the open grass-clad plains of Asia and 
Europe. 

It is useless to look among nomads for much advance in the ^rts, 
still less for the origins of applied science. But the Old Testament^ot 
only gives in its earlier chapters an account of nomads, but later'on 
deals with the legends of the settled kingdoms of the Near and Middle 
East — Egypt, Syria, Babylonia and Assyria — a good introduction to 
the more recent knowledge obtained by the excavation of buildings, 
sculptures and tablets, knowledge dependent on the double chance 
of survival and discovery. 

And now a few words are necessary about the races of men whose 
doings we shall trace. Since the late stone age, the islands of the 
Aegaean and the sea coasts of the Mediterranean and the Atlantic 
have been peopled chiefly by men short in stature with long-shaped 
heads and dark colouring; and to this Mediterranean race is due the 
prehistoric advance in civilization. Farther inland, especially among 
the mountains, the chief inhabitants were and are of the so-called 
Alpine race, a stocky people of medium height and colouring, with 
broad, round-shaped skulls, people who pushed into Europe from the 
northern east. Thirdly, centred in and spreading out from the shores 
of the Baltic, we find a race which may be called Nordic, tall, fair- 
haired and, like the Mediterraneans, with long-shaped heads. 

In later Palaeolithic times also we find the first examples of 
drawings and paintings on the walls of the caves in which men lived. 
Many of these are of high artistic merit, and some of them, thought 
to represent devils and sorcerers, throw light on primitive beliefs, as 
do the frequently recurring carvings indicating fertility cults and 
fertility magic. 

More definite ideas about these beliefs can be obtained by com- 
paring them with those of early historical times, as described by 
Greek and Latin authors, and with those still foutid among primitive 
people in various parts of our modern world. Sir James Frazer 
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collected a vast amount of such evidence in his book The Golden 
Bough. Some anthropologists regard magic as leading directly to 
religion on one side and to science on the other, but Frazer thinks 
that magic, religion and science form a sequence in that order. 
Another anthropologist. Rivers, holds that magic and primitive 
religion arise together from the vague sense of awe and mystery with 
which the savage looks at the world. 

Again, Malinowski finds that primitive people keep distinct the 
simple phenomena which can be dealt with by empirical scientific 
observation or tradition from the mysterious, incalculable changes 
beyond their understanding or control. The former lead to science, 
the latter to magic, myth and ritual. Malinowski holds that the 
origin of primitive religion is to be sought in man’s attitude to death, 
his hope of survival and his belief in an ethical providence. 

But others point out that magic assumes that there are rules in 
nature, rules which, by the appropriate acts, can be used by man to 
control nature; thus, from this point of view, magic is a spurious 
system of natural law. Imitative magic rests on the beUef that like 
produces like. Primitive man acts, in many forms, the drama of the 
year, thinking to give fertility to his crops, flocks and herds. Hence 
arises ritual, and (later) dogma and mythology to explain it. Many 
similar instances of imitation might be given. On the other hand, 
contagious magic holds that things once in contact have a permanent 
sympathetic connection : the possession of a piece of a man’s clothing, 
and still more of a part of his body — his hair or his nails — puts him 
in your power; if you burn his hair, he too will shrivel up. 

Such magic as this may, by coincidence, be followed by the appro- 
priate happening, but more often it fails, and the magician is in 
danger from his disappointed followers, who may cease to believe in 
the control of nature by men, and turn to propitiate incalculable 
spirits of the wild — gods or demons — to give them what they want, 
thereby passing to some form of primitive religion. 

Meanwhile the development of simple arts, the discovery and 
kindling of fire, the improvement of tools, leads by a less romantic 
but surer road to another or perhaps the only basis for science. But 
man needs some deeper beliefs for his questing soul, and so science 
did not germinate and grow on an open and healthy prairie of 
ignorance, but in a noisome jungle of magic and superstition, which 
again and again choked the seedlings of knowledge. 
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SCIENCE IN THE ANCIENT WORLD 

The Beginnings of Civilization — Babylonia — Egypt — India — Greece and the 
Greeks — ^The Origins of Greek Religion and Philosophy— Religion and Philosophy 
in Classical Times — ^The Ionian Philosophers — ^The School of Pythagoras — TTie 
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Aristotle— Aristotle — Hellenistic Civilization — Deductive Geometry— Archimedes 
and the Origins of Mechanics— Aristarchus and Hipparchus — ^The School of 
Alexandria — The Origins of Alchemy— The Roman Age — ^The Decline and Fall 
of Learning. 

At the dawn of history, civilization first appears out of the darkness 
in China and in the valleys of the rivers Euphrates and Tigris, the 
Indus, and the Nile. Of the people who dwelt in those valleys, we 
know most about those of Egypt and Babylonia, priiparily from 
references found in the writings of Greek historians. But that meagre 
source of information has been greatly augmented in recent years by 
the discovery of the remains of many of their buildings, sculptures and 
tablets, and by the excavations of Royal Tombs in which domestic 
objects, decorations and inscriptions have been found. Such know- 
ledge is of course fragmentary, depending as it does upon the double 
chance of the survival of ancient records and of their discovery and 
correct interpretation by present-day researchers; but much informa- 
tion has already been obtained, and more is constantly coming to 
hand. 

The surest foundation for the origin of science in its practical 
form is to be found in the co-ordination and standardization of the 
knowledge of common sense and of industry. An early sign of 
such co-ordination can be traced in the edicts of the Babylonian 
rulers as far back as 2500 years before Christ, when the realization 
of the importance of fixed units of physical measurement led to 
the issue under royal authority of standards of length, weight and 
capacity. 

The Babylonian unit of length was the finger, equal to 1-65 centi- 
metres, or about ^ inch; the foot contained 20 fingers, and the 
cubit 30 fingers; the pole was 12 cubits and the surveyor’s cord 
was 120 cubits; the league was a distance equal to 180 cords, 
that is 6*65 miles. In measures of weight, the grain was equal to 
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Babylonia 0’046 gramme; the shekel 8*416 grammes; and the talent 30*5 kilo- 
grammes, or 67 J pounds.^ 

In the earliest recorded times barley seems to have been the 
medium of exchange. By the third millennium before Christ, ingots 
of copper and of silver were also used, though barley continued to be 
current. The value of gold in terms of an equal weight of silver varied 
at different times from six to twelve. 

The elements of mathematics and engineering in Babylon apparently 
came from the non-Semitic Sumerians, predominant in the country 
for a thousand years before 2500 b.c. The multiplication table and 
tables of squares and cubes have been found among Babylonian 
tablets. A duodecimal system, making the calculation of fractions 
easy, existed together with a decimal system derived from our^ten 
fingers, special importance being assigned to the number sixty as 
a combination of the two systems. The parallel use of this doui^le 
notation was the basis of weights and measures — the circle with its 
subdivisions of angular measurement, the fathom, the foot and its 
square, the talent and the bushel. 

The beginnings of geometry, too, illustrate the origin of an abstract 
science from the needs of everyday life, and are to be found in the 
rudimentary formulae and figures for land surveying. Plans of fields 
led to more complicated plans of towns, and even to a map of the 
world as then known. But actual knowledge was woven in an inex- 
tricable manner with magical conceptions, and together the two 
passed from Babylon westwards. For centuries European thought 
was dominated by the idea of the virtue of special numbers, their 
connection with the gods, and the application of geometrical dia- 
grams to the prediction of the future. 

In Babylon also the systematic measurement of time began at an 
early date. The importance of a knowledge of the seasons grows as 
agriculture develops among a primitive people. Wheat and barle% 
seem to be indigenous in the neighbourhood of the river Euphrates, 
and we know that they were there cultivated as food plants at an 
early date, for they are mentioned on the clay tablets, and the plough 
is depicted in Babylonian art. The cultivation of cereals, which 
require seasonal treatment and an ample water supply, makes a 
calendar almost a necessity, and we may have here one reason why 
the beginnings of astronomical observation occurred in the basins of 
the Euphrates and the Nile. The day as a unit of time was imposed on 
man by nature. When a longer unit was wanted, the month was first 

^ L. J. Delaporte, La Misopotamie, Paris, 1923. Ehg. trans. London, 1925, p. 224. 
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taken, each month beginning with the appearance of tlie new moon. Babylmif 
Then attempts were made to determine the number of months in the 
cycle of the seasons, in Babylonia about 4000 b.c. and in China soon 
after. About 2000 b.c. the Babylonian year settled down to one of 
360 days or twelve months, the necessary adjustments being made 
from time to time by the interposition of extra months. The day was 
divided into hours, minutes and seconds, and the sun-dial, in the form 
of a simple vertical rod or gnomon, was invented to mark the passing 
hours. 

The apparent movement of the Sun and planets among the fixed 
stars was observed, and the naming of seven days after the Sun, Moon 
and the five known planets, gave the week as another unit of time. 

The journey of the Sun across the sky was mapped out into twelve 
divisions to agree with the months. Each division was named from 
some mythical deity or animal, and was represented by the appro- 
priate symbol. Thus arose the association of parts of the sky with the 
Ram, the Crab, the Scorpion and other beasts, afterwards connected 
with the definite groups of stars which we still call by those names. 

The Babylonians pictured the Universe as a closed box or chamber, 
the floor being the Earth. In the centre the floor rose to snowy regions, 
in the midst of which was the source of the Euphrates. Round the 
Earth lay a moat of water, and beyond it stood celestial mountains 
supporting the sky.^ Some Babylonian astronomers however realized 
that the Earth was a globe.^ 

Astronomical observation in Babylon can be traced back for more 
than twenty centuries before the Christian era, the first accurate 
records known being those of the rising and setting of the planet 
Venus. From this early date the priests, aided by the brilliancy of 
the atmosphere, observed the aspects of the heavens night by night, 
and noted their observations on clay tablets. Gradually the periodicity 
of astronomical events became apparent, till, according to a document 
of the sixth century b.c., the relative positions of the Sun and Moon 
were calculated in advance, and the prediction of eclipses was made 
possible.^ This may be regarded as the origin of scientific astronomy, 
for which Babylonia, with its three schools of Uruk, Sippar and 
Babylon with Borsippa, can claim the credit. 

On this basis of definite knowledge, a fantastic scheme of astrology 
was built up, and, indeed, was regarded by the Babylonians as the 

' G. Maspero, The Dawn of Civilization, Eng. trans. 5th ed. 1910. 

“ E. G. R. Taylor — Historical Association, Pamphlet, No. 126. 

’ G. Sarton, Introduction to the History of Science, vol. i, Washington and Baltimore, 1927, 
p. 71, quoting from L. W. King, A History of Babylon, London, 1915. 
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J^abyhnia chief and most worthy object of the underlying science.^ Starting 
doubtless from accidental coincidences, there arose a belief that the 
stars fixed and foretold the course of human affairs. By such observa- 
tions and interpretations of the heavens, the Babylonian astrologer 
acquired a very real power over the minds of men. “Astronomy, as 
thus understood, was not merely the queen of the sciences, it was the 
mistress of the world.’’ Each temple put together a library of astro- 
nomical and astrological literature from which the methods of divina- 
tion might be learned. One such library, consisting of some seventy 
clay tablets, was of special repute in the seventh century before Christ, 
and is considered to have possessed records dating from 3000 years 
earlier. | 

Astrology reached its zenith in Babylon about 540 b.g., afterUhe 
country had been conquered by the Chaldaeans, and two centuVies 
later it spread to Greece and then over the known world, althoi\gh 
by that time it was showing signs in its original home of passing irito 
more rational astronomy. Nevertheless, Chaldaean astrologers con- 
tinued to be famous and were much in request, while sorcerers and 
exorcists acted as physicians, despite their ignorance of medicine. 

Modern study of primitive peoples shows that magic usually begins 
in its “sympathetic” form, whereby men try to obtain control over 
nature by mimic copying of the process they wish to bring about, or 
by acting a drama in which it is represented. Thus, to take but one 
example out of multitudes, when frogs croak it rains. The savage feels 
he can do that too; so he dresses as a frog and croaks to bring the 
wished-for rain. Hence arise ritual and mystery cults, prior to the 
' dogma or mythology afterwards invented to explain them. For, at 
a later stage, when rite and ritual have to be accounted for, the powers 
of nature are thought to be animate, and long-established magic rites, 
unchanged or perhaps modified, take the form of propitiatory 
ceremonies. 

This later type of magic seems to have been reached in Babylon 
before the earliest times of which records have survived. Although 
some gods, such as Oannes, the source of all human knowledge, were 
thought to be beneficent,^ Babylonian magic suggested to those who 
practised it that the gods in general were inimical to man. This view 
may have been reinforced, and indeed the underlying magic deter- 
mined, by the insecurity of life on the banks of the Tigris and the 
Euphrates, where sudden storms and floods were ready to sweep 

* J. C. Gregory, Ancient Astrology^ Nature^ vol. 153, 1944, P- 5.^2. 

* C. J. Gadd, The History and Monuments of Uft London, 1929. 
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away man and his puny works, and the invasion of foreign enemies Babylonia 
was frequent. The idea that man’s destiny was controlled by the stars, 
an idea which arose in early times in Babylon, led to the concept of an 
inexorable, inhuman Fate. Black magic and deadly nature indicate 
hostile gods, and, in turn, doubtless the idea of hostile gods intensified 
the savage element in Babylonian magic and astrology. Yet Baby- 
lonian and Assyrian buildings and sculpture show a considerable 
advance in practical arts and some biological knowledge, including 
the sexual fertilization of the palm and date trees.^ 

When we turn to consider the other great civilization of early times Egypt 
— that of Egypt — a certain difference in rehgious attitude is seen. 

In Egypt the divine powers were for the most part friendly, watching 
over man, ready to protect and to guide him in life, in death and in 
the afterworld. 

It is possible that this difference was due, partly at all events, to 
physical surroundings. In Egypt the climate is more equable than in 
Chaldaea, and the Nile, with its regular and unfailing rise and fall, 
the source of all fertility, was steady, friendly and trustworthy, typical 
of the supernatural powers. 

In very early times Egyptian civilization was comparatively ad- 
vanced ; transport was facilitated by the inventions of the wheel and 
the sailing ship, weighing made possible by the balance and weaving 
by the loom ; a definite yearly calendar seems to have been established. 

But the best achievements in practical arts occurred under the 
eighteenth dynasty, somewhere about 1500 b.c. But the possibility 
of a long and slow growth in knowledge had not dawned on the minds - 
of men. It seemed clear to them that their ancestors, left to their own 
human resources, could never have made such discoveries as those of 
speech and of writing, of building or of calculation; a divine inter- 
vention was needed. As among the Babylonians, all knowledge was 
ascribed to the revelation of the gods, especially that of Thot, repre- 
sented by the ibis or the baboon, and of his ally Mait, the goddess of 
truth. Thot, one of the legendary race of divine sovereigns or legis- 
lators, was essentially a moon-god, who measured time, counted days 
and recorded the years. But he was also lord of speech, master of 
books and inventor of writing. Moreover, he had established in the 
temples the services of those “watchers of the night”, who, from age 
to age, recorded astronomical events. 

In arithmetic, the knowledge of the Egyptians was about on a level 
with that of the Chaldaeans. They counted by a decimal notation, 

‘ G. Sartoix, Isis, No. 60, 1934, P* 8 and No, 65, 1935, pp. 245, 251. 
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Egypt expressing numbers up to ten by strokes placed side by side and tens 
by symbols like inverted U^s. There is little doubt that the periodic 
submersion of the ground beneath the waters of the Nile with the 
consequent obliteration of boundaries led to the development of the 
art of land-measurement, though the Egyptians themselves referred 
its origin to the benevolent intervention of Thot. 

It seems that, at a very early date, surveyors or “rope-stretchers” 
measured land with ropes and recorded the results. But documentary 
evidence of the history of arithmetic and geometry begins with a 
papyrus forming part of the Rhind collection in the British Museum. 
It was written some sixteen to eighteen hundred years before Christ 
by a priest named Ahmose, who states that it was copied from an 
older roll of the days of a king who is known to be of the XII Dynasty, 
i.e. before 2200 b . g . Some account is given of fractions and of hhe 
conimon operations of arithmetic, multiplication being performed\by 
repeated additions. Rules for mensuration are also set forth. ^ \ 

Egyptian astronomy, though it may have rivalled the corre- 
sponding Chaldaean science in age, never reached the same advanced 
stage of development. The importance attached by the Chaldaeans 
to astrology gave a more powerful motive for astronomical research. 
The wealth-and power at the disposal of a successful astrologer would 
probably give him the pecuniary resources needed for astronomical 
work, which may have been his real interest. This Kepler found even 
in modern times. 

The Egyptians identified the constellations with the deities of their 
mythology, and so represented them on astronomical ceiling decora- 
tions ot on the insides of coffin lids. Froni an early period, the year 
was taken to begin with the annual flooding of the Nile and, when an 
exact calendar was invented, on the day when the sun rose with the 
star Sotkis, the Sirius of the Greeks and ourselves. The stellar year 
of 360 days consisted of thirty-six weeks of ten days each, and the 
changes in the appearance of the sky from week to week were 
recorded. 2 

* 

The Egyptian idea of the Universe was, in essentials, much like 
that prevalent in Babylon. It was represented-as a rectangular box, 
with its greater length running from north to south. It had a slightly 
concave bottom, at the centre of which lay Egypt. The sky was a flat 
or vaulted ceiling supported by four columns or mountain peats, and 

1 W. W. Rouse Ball, History of Mathmatics, 3rd cd. London and Cambridge, 1901, p. 3; 
T. E. Peet, in Cambridge Ancient History ^ 1923-1928, vol. ii, pp, 216-220. 

‘ L. S. Bull, *‘An Ancient Egyptian Astronomical Ceiling Decoration*’, Bulletin Metro. 
Museum of Art^ U.S.A, vol. xvra, 1923, p. 283; abstract in Isis, No. 22, 1925, p. 262. 
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the stars were lamps hung from the sky by cables. Round the edge of 
the box ran a great river, and on this river there travelled a boat 
bearing the Sun. The Nile was a branch of this stream.^ 

If Egypt lagged behind Babylon in astronomy, and possessed no 
astrologers with the reputation of the Chaldaeans, in medicine the 
relative positions were reversed. Several important Egyptian papyri, 
giving treatises 6n medicine, have been discovered and deciphered. 

The best data have been obtained from the Ebers papyrus, which 
dates from about 1600 b.g., and from that discovered by Edwin 
Smith, dating from about 2000 b.c.2 The first physician, whether 
mythical or real, whose name survives is I-am-hotep or Imhotep, 

“he who cometh in peace”. Imhotep was afterwards deified as a god 
of medicine.^ Babylon possessed no school of rational medicine; all 
disease was referred exclusively to the action of malignant powers, 
and sorcery and exorcism alone were relied upon in the treatment of 
it. Incantations were used by the Egyptians also, but their medicine 
was more rational, and became highly specialized. An elementary 
knowledge of anatomy was almost forced on them from the practice 
of embalming the dead, though they seem only to have traced the 
larger organs of the body and held quite erroneous views about their 
functions.^ Nevertheless, surgery began and, in carvings referred to 
about 2500 B.C., we can trace the performance of operations by 
Egyptian surgeons. There were physicians trained at the priestly 
schools, bone-setters for the treatment of fractures, and oculists to cure 
the eye-troubles always prevalent in “Egypt. Mental diseases seem to 
have been left to exorcists, who, by means of amulet and charm, were 
believed to drive out the evil spirits responsible for these infirmities. 

The art of dispensing drugs and essences had been brought to a high 
state of excellence, and many Egyptian remedies became of world- 
wide repute. Egyptian medicine spread to Greece, perhaps by way of 
Crete, and,from Greece and Alexandria, it passed into Western Europe. 

Egyptian tomb-paintings show an interest in the different types 
of mankind — red Egyptians, yellow Semites, black Negroes and white 
Libyans — an early attempt at anthropology. 

At the beginning of the third millennium b.g., culture existed in India 
the valley of the Indus at Mohenjo-daro, Harappa and elsewhere, 
and a scale has been discovered indicating the use of decimals.® 
Details of scientific activity are difficult to trace much before the time ^ 

* Maspero, loc» cit. 

^ J. H. Breasted’s edition, Univ. of Chicago, 1930. 

* G. Singer, A Short Histmy of Medicine, CMord, 1928. * Peet, loc, cit- 

® G. Sarton, Isis, No. 70, 1936, p. 323, quoting Sir John Marshall. London, 1931, 
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India of Alexander.^ But in ethical philosophy the name of Buddha (560-' 
480 B,c.) is of course pre-eminent, and schools of medicine existed at 
the saine early date. In the time of Buddha himself, according to 
tradition, Atreya, the physician, taijght at Kasi or Benares,, and 
Susruta, the surgepn, at Taksasila, or Taxila.2 The work of the latter, 
at all events, seems to be historical, and a Sanscrit text of it is extant, 
though the date is uncertain to within a century. A number of opera- 
tions are described, such as those for cataract and hernia ; some account 
is given of anatomy, physiology and pathology, and over 700 medicinal 
plants are noted. The memory of Atreya wa^ preserved by Caraka of 
Cashmir, who, about a.d. 150, wrote a compendium, 'of Atreya’s 
system of medicine, as handed down by his pUpil Agnivesa. j 

With the uncertainty about dates, it is difficult to say whether; 
Hindu or Greek medicine is the older, or tg trace the relative influence \ 
of the one on the other. 

Perhaps the paucity of Indian contribution to other sciences may 
in part be due to the Hindu religion. Buddha founded his system on 
love and knowledge, and a respect for reason and truth; but these 
tenets, favourable to science as they might have been,^^ere neutralized 
by the other components of his philosophy. The transitoriness and 
vanity of personal existence were emphasized ; self-annihilation and 
loss of individuality were made the condition upon which the attain- 
ment of spiritual completion depended. This attitude of mind, by 
distracting attention from all immediate surroundings, tends to arrest 
that desire for material imprpveinent, which is often the incentive 
leading to an advance in practical scientific knowledge. But the 
gentle art of healing was consistent with the Buddhist religion, and 
for this reason, perhaps, the works of Atreya and Susruta with their 
stores of medical and surgical learning have survived. 

In one point the Buddhist philosophy of India touched a problem 
definitely scientific. A primitive atomic theory was formulated, either 
independently or by derivation from Greek thought, and about the 
first or second century before Christ the idea of discontinuity was 
extended to time. “Everything, according to this theory, exists but 
for a moment, and is in the next moment replaced by a facsimile of 
itself, very much as in a kincmatoscopic view. The thing is nothing 
but a series of such momentary existences. Here time is as it were 
resolved into atoms.” ^ The theory was apparently invented to explain 

‘ J, Bumet, Greek Philosophy^ Pt. i, London, 1914, p. 9. 

‘ G. Sarton, loc. cit. p. 76 (quoting Hoernl^ and others) . 

* Hastings* Eruyclopaedia of Religion and Ethics; Art. Atomic Theory, Indian; H. Jacobi. 
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an assumed perpetual change in things by imagining a process of 
continual creation. 

r 

Indian arithmetic is remarkable, in that there is evidence to show 
that as early as the third century b.c. a system of notation was 
used’ from which was developed tht scheme of numerals we employ 
to-day. 

It is possible that Indian thought influenced the schools of Asia 
Minor, and through them those of Greece; and it is certain that, at 
a latter time, during the Arab domination in the lands of the Eastern 
Mediterranean, traces of the mathematics and medicine of India 
mingled with the learning saved from Greece and Rome, and re- 
entered the schools of Western Europe by the ways of Spain and Con- 
stantinople. This explains the fact that, when the Indian scheme of 
notation replaced the clumsy Roman figures, the primary source of 
the numerals was forgotten apd they were misnamed Arabic. 

All the separate streams of knowledge in the ancient world con- 
verged on Greece, there to be filtered and purified, and turned into 
new and morC profitable channels by the marvellous genius of the 
race which was the first in Riirope to emejrge from obscurity. 

To understand the^Origins of the natural philosophy of the Greeks, 
a natural philosophy which formulated so many of the problem^ 
afterwards attacked by science, and propounded so many solutions, 
wc must consider briefly the Greek people, their religion, and the 
physical and social conditions of their exkte^ce. 

The earliest civilization in the lands which lie in and around the 
Aegean Sea appears to have begun in Crete, where its probable 
centre has been found by Sir Arthur Evans in the ruins of Knossos, 
Crete was influenced by Egypt, and later, in its turn, influenced 
Mycenae. An interval of some centuries elapsed between the destruc- 
tion of Knossos and Mycenae and the beginning of the new and ruder 
culture of Homeric times. The evidence points to some social 
cataclysm. ' 

It is held by archaeologists such as Sir William Ridgeway, and 
anthropologists like Dr Haddon, that Homer’s Achaeans were a tribe 
of conquerors belonging to a tall, fair-haired race from the north, 
perhaps from the valley of the Danube.^ Haddon says; “The earliest 
historical movement of this stock was that of the Achaeans, who, 
about 1450 B.C., with their iron weapons mastered the bronze-using 
inhabitants of Greece.” 


India 
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the Greeks 


‘ Sir William Ridgeway, The Early Age of Greece, 1901 ; A. C, Haddon, The Wanderings 
of Peoples, Cambridge, 1911, p. 41. 
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Greece and Nevertheless, in spite of clear indications and the weight of this 
the Greeks authority, some classical scholars point to the fact that no tradition of 
a northern origin appears in Greek literature, ‘ while Herodotus treats 
the Achaeans as among the indigenous inhabitants of Greece. But 
such evidence, mostly of a negative character, seems of little value 
compared with the positive indications of a northern origin. 

Homer, writing probably in the ninth century before Christ, gives 
to the Achaeans epithets like fair or brown; the Mediterranean folk 
buried their dead, but the heroes of Homer passed to the next world 
in the flames of a funeral pyre; they used iron instead of the bronze 
of the earlier Grecian peoples; the Olympian gods of classical 
mythology first came on to the scene in the writings of Homer ajnd 
Hesiod. I 

The Achaeans were overthrown in turn by the Dorians, wl^o 
invaded the Peloponnese in the twelfth or eleventh century before 
Christ. Here too there is evidence of a descent from the north, th^ 
last incursion before definitely historic times. 

Thus the inhabitants of Greece were of mixed race, though, after 
the Dorians settled down, the" people acquired a sense of unity, of 
national culture in a common Hella^, in spite of the particularism of 
the individual cities and states. Probably differences in race underlay 
the distinction found in some states between ruling and servile classes, 
while other slaves were in origin Eastern or Northern barbarians. 

In the Homeric poems, which sing the heroes of a conquering race, 
we find a joyousness of outlook that shows the lifting of the tyranny 
of primitive magic, and a state of frtendly relationship with fully 
developed divine powers. These beings were figured simply and 
naturally as super-men and super-women, always interested in man- 
kind, partisans and politicians of the most pronounced type, who took 
a share in the life of the nation, its wars, its trials and its successes. 
We find, too, as in Egypt, that the invention of the arts and sciences 
was attributed to the gods and demi-gods, who were always ready to 
appear among men, to build their cities, to beget heroes to be the 
fathers of the nations, and to outwit the ancient shadowy powers, 
which loomed distressfully in the background. 

As early as the sixth century before Christ, the philosophical poet 
Xenophanes of Colophon recognized that, whether or no it be true 
that God made man in His own image, it is certain that man makes 
gods in his. And from the gods of the old Greek mythology we get an 
insight into the genius of the Greeks that nothing else can give. We 

* J. B. Bury, in Cambridge Ancient History^ vol. n, p. 474. 
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see the picture of a race, false, boastful, and licentious perhaps, but 
with a sense of beauty, a confident joy in life and a warmth of affection 
that bespeak a gallant, vigorous, open-hearted, conquering people; 
a people of extraordinarily brilliant intellectual endowment, placed 
in a land of glorious beauty, where the wine-dark sea brought the 
trade and knowledge of all the world to their doors, where the climate 
smiled upon their fortified homesteads, where abundant slaves made 
life easy and gave leisure for the growth of the highest forms of 
philosophy, literature and art.^ 

Till recent years, Greek religion has meant mythology as seen in 
literature, and no serious attempt was made to study Greek ritual. 
But now that anthropologists have shown the importance of ritual as 
more fundamental than belief, the misleading tendency of this 
literary outlook has become clear. “The first preliminary to any 
scientific understanding of Greek religion is a minute examination of 
its ritual ... the Olympians of Homer are no more primitive than his 
hexameters. Beneath this splendid surface lies a stratum of religious 
conceptions, ideas of evil, of purification, of atonement, ignored or 
suppressed by Homer, but reappearing in later poets and notably in 

Aeschylus.” 2 

The Greeks themselves in classical times recognized two forms of 
ritual, Olympian and Chthonic, and two forms of mythology also 
appear. Beneath the friendly Olympian gods was an underworld of 
spirits, whose intention towards men was doubtful, if not hostile. 
Below this again were vestiges of rites and beliefs, remnants of that 
more primitive system of magic which springs spontaneously from 
the confusion between the life of nature and the life of the tribe, and 
is more fundamental than any dogmatic mythology. Here, probably, 
we have the influence of the religious outlook which still appealed to 
the mass of the population, a primitive outlook, with its traditional 
rites for the promotion of fertility by purgation, the placation of 
ghosts, and propitiation of gods or demons.^ 

The scanty records of the sixth century before Christ show the 
.prevalence of two primitive cults, the Eleusinian and Orphic mysteries, 
and from this dark background the Olympic mythology on the 
one hand and the earliest philosophy and science on the other 
stand out, 

> See for instance, G. Lowes Dickinson, The Greek View of Life, 1896. 

* Jane E. Harrison, Prolegomena to the Study of Greek Religion, Cambridge, 1903 (3rd ed. 

1922)- 

^ Sec for example, Cambridge Ancient History, W. R. Halliday, vol. ii, p. 602, and 
F. M. Comford, vol. iv, p, 522. 
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Apparently the Eleusinian mysteries sought to secure the fertility 
of the earth and of its inhabitants by magic rites in which were 
pictured the autumn ploughing and sowing and the new birth and 
growth of spring, The rites were secret, and their nature can only be 
inferred from chance references in authors often hostile, or from such 
sources as the Homeric Hymn to Demeter, which connects the 
mysteries with a hope in the survival of death. 

Orphism was thought by Herodotus to have come from Egypt. In 
it were incorporated the usual mystic rites to promote fertility by 
celebrating the annual cycle of life and death. It had a cosmogony, 
which pictured a primordial night from which a world-egg appeared 
and divided into Heaven and Earth, representing the Father ^nd 
Mother of Life. Between them flew a winged spirit of Light, sori^e- 
times called Eros, who joined the cosmic parents, from whose marriage 
sprang the Divine Son, Dionysus or Zeus. In this symbolism the 
mysticism of the age felt its way towards union with the Unseen. lia 
their higher forms Orphic ideas penetrated Greek idealist philosophy 
and through it Christianity; in their lower forms, they passed into and 
reinforced every ignorant superstition for centuries. 

Out of this primitive world of ideas came two distinct currents of 
philosophic thought, separate in origin and tendency — the Ionian 
rationalist nature-philosophy of Asia Minor and the mystical Pyth- 
agoreanism of southern Italy. Their relations with each other and 
with the mystery religions and the Olympic mythology must now 
be traced. 

The main function of the Greek religion, as oi^ many others, when 
mythology crystallized out of magic and ritual, was to interpret 
nature and its processes in terms which could be understood — to 
make man feel at home in the world. The animistic conceptions in 
which the mythology came to be expressed were of unusual beauty 
and insight. Each fountain lived in its nymph, each wood in its 
dryad. The grain-bearing earth was personifieid as Demeter; the 
unharnessed sea came to life in Poseidon, the earth-shaker. 

From generation to generation the divine figures were multiplied 
and more clearly delineated, new attributes were, assigned to them, 
and cycles of stories clustered round each name. We see a continual 
process of evolution. Each poet was free to adapt the myths to his 
own purpose ; to introduce a recovered legend, to weave a new allegory, 


' For a summary see F. M. Gomford, in Cambridge Ancient History ^ vols. iv and vi; 
references in Sarton, toe. cit. For details see Ed. Zeller, History of Greek Philosophy ^ Eng. 
trans. i88i, T. Gomperz, Griechische Denker, Leipzig, 1896, Eng. trans. London, 1901, and 
J. Burnet, loc. rt'r., and ^ly Greek Philosophy^ London, 1893 and 1908. 
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and to re-interpret at his will. As the ages passed and the intellect Biligim and 
mastered the emotions, the desire for a higher creed was felt, until at 
length Aeschylus, Sophocles and Plato evolved out of the older crude 
polytheism the idea of a single, supreme and righteous Zeus. All this 
was wrought quite naturally, with hardly any thought of innovation, 
by those whose object it was to preserve, purify and expound the old 
faiths. It occurred simultaneously with a change in philosophic out- 
look, when men turned from a belief in capricious happenings de- 
pendent on the chance will of irresponsible gods, to a vision of the 
uniformity of nature under divine and universal law. 

Together with this process of conservative religious evolution, a 
sceptical criticism was going on. A religion so frankly anthropo- 
morphic as that of Olympus appealed rather to the imagination than 
to the intellect, and its weakness on the philosophic side became 
apparent when growing doubt began to express itself more openly. But 
the decay of the Olympian mythology led to a recrudescence of older 
magic rites and the invasion of new cults. That of Dionysus was by 
this time essentially the worship of enthusiasm, which led through 
physical intoxication or spiritual ecstasy to union with the divine. To 
this Orphism added asceticism, and raided the primitive rites of 
initiation and communion in crude sympathetic magic till they came 
to have spiritual value. 

The very weakness of the Olympian orthodox religion, coupled 
with the essential freedom of intellectual outlook in the Greek world, 
led to a natural and metaphysical philosophy, which, even from early 
times, was almost untrammelled by theological pre-conceptions. 

Eighteen hundred years later, kfjter the confusion of the Dark Ages 
and the reconstruction of knowledge in the philosophical and theo- 
logical synthesis of mediaeval Scholasticism, the pioneers of modern 
science had to work under the hampering conditions of a system of 
rationalized knowledge which included the current dogmas of 
theology and the recovered philosophy of Aristotle. This system 
dominated the thoughts of all men, and supplied to physical and 
biological questions, as well as to those of metaphysics and religion, 
an interpretation not to be gainsaid. After the Renaissance, philosophy 
and natural science had a hard struggle for freedom, when their 
disintegrating effect on Scholasticism was realized. 

But in the growth of Greek natural philosophy the circumstances 
were different. It is true that outward obstacles were not wanting; 
the common people took their gods seriously — Anaxagoras was driven 
from Athens as an atheist, and the same charge was one of the counts 
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Religion mi in the indictment of Socrates who opposed his views and, in effect, 
led a religious revival. Aristophanes pointed his inimitable jests at the 
Times physical speculations current in his day, speculations which were 
thought to have an atheistic tendency. Nevertheless, the fluidity of 
the Greek religion, the variety of its evei*-changing myths, its adapta- 
bility to the needs of pOetic and artistic beauty, as well as its readiness 
to incorporate and adorn new ideas, led to a freedom and openness of 
intellectual outlook quite foreign to the mediaeval mind. 

When the Greek States developed and outgrew their earlier limits, 
the geographical position of the country and its economic needs 
brought its people into contact with older civilizations. The early 
Greek philosophers drew' most of their facts from alien sources — 
their astronomy from Babylonia, and their medicine and geomeW 
from Egypt, possibly in part by way of Crete. To these facts they 
added others, and then, for the first time in histofy, subjected thelp 
to a rational philosophic examination.^ This mingling of ideas moved 
gradually westwards. The effect first appeared on the Ionian shores 
of the Aegean Sea, when the Greeks, probably maintaining traditions 
of past Minoan civilization and also in touch with the lore of Babylon 
and Egypt, conceived the ideas of deductive geometry and the 
systematic study of nature. The zenith of its philosophical develop- 
ment, more metaphysical than scientific, was reached under Plato 
and Aristotle at Athens and in the cities of the mainland about 
350 B.C., and its influence spread to the Greek colonies in South Italy 
and Sicily, where, a century later, the mathematical and practical 
genius of Archimedes marked its highest achievement in physical 
science. It then passed eastwards again to the new city of Alexandria. 

The Ionian The first European school of thought to break away definitely from 
Philosophers mythological traditions was that of the Ionian nature philosophers of 
Asia Minor, of whom Thales of Miletus (c. 580 b.g.), merchant, 
statesman, engineer, mathematician and astronomer, is the earliest 
known to us. The importance of this Milesian School of philosophy 
lies in the fact that, for the first time, it assumes that the whole 
universe is natural, and potentially explicable by ordinary knowledge 
and rational inquiry. The supernatural, as fashioned by mythology, 
simply vanishes.2 The idea of a cycle of change appears, a cycle from 
air, earth and water through the bodies of plants and animals to air, 
earth and water again. Thales observed that the food of plants and 

* W. Whewell, History of the Inductive Sciences, vol. i, 3rd ed. London, 1857, p. 25, and 
J. Burnet, Parly Greek Philosophy, Introduction. 

’ F. M. Cornford, Before and after Socrates^ Cambridge, 1932. 
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animals is moist, and revived the old theory that water or moisture Tk Iman 
is the essence of all things. This idea of a primary element tended 
to encourage philosophical scepticism; for if wood and iron are 
essentially the same as water, then the evidence of the senses must be 
untrustworthy. 

Traditional anecdotes of Thales have been handed down by 
Aristotle and Plutarch. He is said to have visited Egypt, and, from 
empirical rules for land surveying, originated the science of deductive 
geometry on the lines afterwards developed by others and syste- 
matized by Euclid. He is also said to have predicted an eclipse, 
either that of 610 or that of 585 b.c., probably making use of 
Babylonian tables. He taught that the Earth was a flat disc floating 
on water. 

Anaximander (610-5458.0.),^ who followed him, seems to have 
been the first Greek to make a map of the known world. He was also 
the first to recognize that the heavens revolve round the pole star, and 
to draw the conclusion that the visible dome of the sky is half of 
a complete sphere, at the centre of which is the Earth, Until Thales 
and Anaximander propounded this new theory, the Earth had been 
imagined as a floor with a solid base of limitless depth. It was now 
represented as a finite flattened cylinder, originally surrounded by 
envelopes of water, air and fire, and floating within the celestial 
sphere. It was thought that the Sun and stars, shattered fragments 
of the original fiery envelope, were attached to celestial circles, and 
with them revolved about the Earth, the centre of all things. The Sun 
passed underground at night, and not round the rim of the world, 
as it was supposed to do in the older systems. 

In Anaximander’s cosmogony, worlds were supposed to arise by 
division of opposites from the primordial stuff of chaos in a way which 
pushes back to the beginning the operation of ordinary forces such 
as we see at work in nature every day. This developed further a 
rational mechanistic philosophy. 

In the realm of practical arts, we hear by tradition of shadowy 
figures like that of Anacharsis (c. 592), who is said to have invented 
the potter’s wheel; Glaucus (c. 550), who first learnt to solder iron; 
and Theodorus (c. 530), who devised the level, the lathe and the 
set-square.2 Anaximander is said to have introduced from Babylon 
the style or gnomon. This was a rod placed upright on horizontal 
ground and used as a sun-dial ; it also served to determine the meridian, 

‘ Sir Thos. Heath, Greek Astronomy , London, 1932. 

® G. Sarlon, History of Science ^ vol. i, Baltimore, 1927, p. 75. 
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The Ionian and the time of year when the Sun’s altitude at noon was greatest. 

Philosoph^s many slaves reduced the incentive to invent machines. 

In organic nature Anaximander taught that the first animals arose 
from sea slime, and men from the bellies of fish. Primary matter he 
believed to be eternal, but all created things, even the heavenly 
bodies, were doomed to destruction and to return to the undivided 
unity of universal being. 

Anaximenes (died c, 526) departed further from Orphic mysticism, 
and held the primary world stuff or element to be air, which becomes 
fire when rarefied, and first water and then earth when condensed. 
In the air the Earth and planets float; the Moon shines by reflecting 
light from the Sun. 

The School of As against the rationalizing tendency of the Ionian philosopl^ers, 
Pythagoras Pythagoras (born at Samos but moved to Southern Italy about 
530 B.G.) and his followers showed a mystical attitude of mind derived 
directly from Orphism, accompanied by a readiness to observe ahd 
experiment. “ Pythagoras of Samos ”, says Heraclitus, “has practised 
research and enquiry more than all other men, and has made up his 
wisdom out of polymathy and out of bad arts.” 

Pythagoras and his school gave up the idea of one single element, 
and held matter to be composed of earth, water, air and fire, which 
were supposed to be derived by the combination in pairs of four 
underlying qualities, hot and cold, wet and dry; water, for instance, 
being cold and wet, while fire was hot and dry. They carried further 
the deductive science of geometry, and arranged in logical order 
something like the first two books of Euclid. The forty-seventh pro- 
position of the first book of Euclid is called the Theorem of Pythagoras. 
The “rule of the cord” for laying out a right angle may have been 
discovered empirically both in Egypt and in India, but it is likely that 
Pythagoras gave the first deductive proof that the square on the 
hypotenuse of a right-angled triangle is equal to the sum of the squares 
on the other two sides. 

The Pythagoreans also were the first to bring into prominence the 
abstract idea of number. To us the concept of number is familiar; we 
are accustomed to deal with an abstract three or-five, irrespective of 
fingers, apples or days, and it is difficult for us to realize the great step 
made both in practical mathematics and in philosophy when the 
essential fiveness of groups of quite different things was first seen. In 
practical mathematics that discovery made arithmetic possible; in 
philosophy it led to the belief that number lies at the base of the 
real world. “The Pythagoreans”, says Aristotle, “seem to have looked 
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upon number as the "'principle and, so to speak, the matter of 
which existences consist.” Such ideas of definite, indivisible units as 
fundamental entities seemed inconsistent with another great Pyth- 
agorean discovery, the existence of incommensurable quantities (see 
Chapter xii) but they were greatly strengthened when the Pythagoreans 
experimented with sound, and proved that the lengths of strings which 
gave a note, its fifth and its octave were in the ratios of 6:4:3. The 
theory of the Universe was sought in this scheme of related numbers, 
which were held to refer to indivisible units of space. It was also 
thought that the distance of the planets from the Earth must conform 
to a musical progression, and ring forth “the music of the spheres”. 
Ten was the perfect number (for 10=1+2+3 + 4), so the moving 
luminaries of the heavens must be ten also. But as only nine were 
visible, it was argued that there must be an invisible, ‘ ‘ counter-earth ” . 
At a later date Aristotle very rightly criticized this juggling with facts. 

Nevertheless the Pythagoreans made a real advance in cosmogony, 
our knowledge of which is chiefly derived from the works of Philolaus, 
who wrote about the middle of the fifth century. They recognized the 
Earth as a sphere, and eventually realized that the apparent rotation 
of the heavens could be explained, and explaiiied more simply, by 
supposing a moving Earth. The Earth was thought to revolve, not on 
its own axis, but, balanced by the counter-earth, round a point fixed 
in space, as would a stone at the end of a string, and to present its 
inhabited outer face successively to each part of the surrounding 
sky. At the fixed point was a central fire, the Altar of the Universe, 
never seen by man. This idea gave rise in later years to the mistaken 
belief that the Pythagoreans had devised a heliocentric theory of the 
Universe, and had thus anticipated Aristarchus and Copernicus. 

The mystic view of nature, clearly seen in their doctrine of numbers, 
shows also in the Pythagoreans’ notion of the fundamental importance 
of contrasted principles — love and hatred, good and evil, light and 
darkness — a notion which often recurred in Greek thought, that 
facts about things can be deduced from the meaning of words. The 
mystic view again appeared in the writings ofAlcmaeon the physician, 
in the idea that man the microcosm is a miniature of the Universe the 
macrocosm; his body reflects the structure of the world, and his soul 
is a harmony of number. The Pythagorean School held a philosophy 
of form as contrasted with the Ionian philosophy of matter. Early in 
the fifth century it divided ; one wing became a religious brotherhood, 
and the other developed the doctrine of number on quasi-scientific lines. 

The essence of Pythagorean philosophy, including the theory that 
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The School of ultimate reality is to be found in numbers and their relations, will be 
Pythagoras traced in this book through Plato’s doctrine of ideas to the Neo- 
Platonists and Saint Augustine. Under his influence it helped to 
form that Platonic background of mediaeval thought which survived 
as an alternative to the scholastic system derived from Aristotle. 
Even in Scholasticism, the Pythagorean idea of numbered order in 
geometry, arithmetic, music and astronomy made those four subjects 
the quadrivium of mediaeval instruction. After the Renaissance, the 
idea of the importance of number was taken up by Copernicus and 
Kepler, who laid chief stress on the mathematical harmony and 
simplicity of the heliocentric hypothesis as the best evidence of its 
truth. ^ In our own day, Aston with his integral atomic weights, 
Moseley with his atomic numbers, Planck with his quantum theJjry, 
and Einstein with his claim that physical facts such as gravitation are 
exhibitions of local space-time properties, are reviving ideas that, in 
older, cruder forms, appear in Pythagorean philosophy.^ 

The Problem If astronomical phenomena arc the more striking, and therefore 
of Matter arrest attention, the problem of the nature of matter cries 

equally to thoughtful minds for an explanation. The origin of 
chemistry is to be sought in arts that are as old as mankind, and 
especially in the discovery and use of fire. Cooking, the fermenting 
of grape juice, the smelting of metals, the making of stoneware, arc 
prehistoric achievements. The Egyptians were skilled in dyeing, in 
tempering iron, in making glass and enamel, and in the use of 
metallic compounds as mordants, pigments and cosmetics, while, as 
far back as fifteen hundred years before Christ, the people of Tyre 
produced the famous Tyrian purple dye from shellfish. 

As in geometry, so in the problem of matter, the Greeks seem to 
have been the first to theorize. They ignored the vast amount of 
knowledge which must have been available in what they regarded 
as base mechanic arts, and reasoned only on what was obvious to 
every Greek gentleman. We find the Ionian philosophers tracing the 
changes of substances from earth and water to the bodies of plants 
and animals, and back again to earth and water. They began to 
realize the conception of the indestructibility oT matter, and, from 
Thales onwards, despite the obvious superficial differences in bodies, 
speculated on the possibility of a single “element”, water, air or fire, 
as a common basis of all things. 

* E. A. Burtt, Metaphysical Foundations of Modern Science^ London and New York, 1925, 
pp. 23, 44. Also sec below Chapter in. 

® A. N. Whitehead, Science and the Modern World, Cambridge, 1927) P- 36. 
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At the beginning of the fifth century philosophy passed into con- 
troversy, and attacks were made both on the lonians and the 
Pythagoreans from two sides. All concerned showed the characteristic 
Greek love of theorizing from first principles and dogmatizing about 
phenomena. 

Heraclitus (c. 502), poet and philosopher, expressed contempt for 
the materialist tendency of Anaximander and Anaximenes. To him 
the primary element or reality was the aethereal fire, a kind of soul 
stuff, of which all is made and to which all returns. The perpetual 
alternation of opposites in this world — sleeping and waking, death 
and life — makes the ceaseless rhythm of the ever-living fire. All things 
move in order, and all are in a state of flux — ndvra pet. Truth can 
only be found within, a reflection of the universal Logos or reason. 

Another type of critical philosophy was also reached a priori by the 
philosophers of Elea in Southern Italy, of whom the chief was 
Parmenides, who flourished about the year 480. 

Entranced by the operations of the human mind, Parmenides 
pushed to an extreme the characteristic Greek assumption that what 
is inconceivable is impossible, even if the senses tell us that it has, in 
fiict, happened. He argued thus: Creation is impossible because 
something cannot be conceived to arise from nothing, or being from 
non-being, indeed non-being cannot be. Conversely, destruction is 
impossible because something cannot vanish into nothing. Even 
change is impossible, because a thing cannot arise from another thing 
which is in essence unlike itself Thus the appearances of change, of 
diversity and multiplicity, of time and space, which we see or think 
we see in nature, are but false impressions of sense, which thought 
proves to be self-contradictory. Hence, sense cannot lead to truth, 
which can be found by thought alone. Sense perceptions are unreal, 
non-being; thought alone is real, true being. Interpreted in other 
terms, to touch reality we must eliminate all differences in bodies, and 
thus get left with a single uniform essence. This is the only reality, one, 
eternal and unchangeable, limited only by itself, evenly extended and 
therefore spherical. In the apparent world of phenomena, the unreal 
but still observed Universe is a series of concentric shells of fire and 
earth; though all this is but “opinion” and not necessarily “truth”. 

Some of these ideas were carried further by Zeno of Elea, a younger 
contemporary of Parmenides, who opposed the Pythagorean doctrine 
that all things arc made of integral numbers and thought he had 
discredited multiplicity by his famous series of paradoxes. A manifold 
must be divisible to infinity and therefore must itself be infinite, but, 
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in trying to build it up again, no number of infinitely small parts can 
make a finite whole. The swift Achilles, pursuing a tortoise, reaches 
the spot whence the tortoise started ; the tortoise has now moved on 
to a further spot ; when Achilles arrives there, the tortoise has once 
more advanced — and so on to infinity, but Achilles never catches the 
tortoise. 

Parmenides seems to dispute about the meanings accidentally 
assigned to words, meanings always arbitrary and often changing, 
and Zeno’s paradoxes rest on misconceptions about the nature of 
infinitesimals and the relations of time and space cleared up by 
modern mathematicians. But Zeno certainly proved that the idea of 
division without limit into infinitesimal units as then understood wa$ 
inconsistent with experience. The discrepancy could only be resolved 
completely when different kinds of infinity, not equivalent to each\ 
other, were distinguished in the nineteenth century. 

Nevertheless, the Eleatic philosophy is important to us in two ways. 
In the first place, by discrediting the senses, it helped the atomists to 
seek reality in things imperceptible to the senses, and to explain what 
afterwards came to be called the secondary or separable qualities of 
bodies, such as hotness or colour, as mere sense perceptions. Secondly, 
the search for a single unity, representing the underlying reality in all 
things, while it aided the physicists in their search for a single chemical 
element, led the philosophers to separate substance [ovaia) from 
qualities or accidents Put in final form by Aristotle, this 

idea of the nature of matter dominated mediaeval thought. 

Anaxagoras was another Ionian philosopher, born near Smyrna 
about 500 B.C., who took the more materialist Ionian ideas of 
philosophy with him to Athens forty years later. To Anaxagoras 
matter was a crowd of different entities each with different qualities 
or accidents as the senses suggest. However far division is carried, the 
parts contain things like the whole, though differences may arise from 
different proportions in the ingredients. Motion was originally 
started by Mind {vovs ) , a subtle fluid causing rotation which spreads 
and so makes and orders the world. The heavenly bodies are matter 
of the same nature as the Earth; the Sun is not the God Helios, but 
an ignited stone; the Moon has hills and valleys. Besides these 
speculations Anaxagoras made some real advance in exact know- 
ledge. He dissected animals, gained some insight into the anatomy 
of the brain, and discovered that fishes breathe through their gills. 

We see other ideas of matter in the famous hypothesis of four 
elements, held by the Pythagoreans and worked out in a more definite 
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form by the Sicilian philosopher Empedocles (450 b.c.), who taught The Problem 
that the “roots” or elements were earth, water, air and fire — a solid, 
a liquid, a gas, and a type of matter still rarer than the gaseous. These 
four elements were combined throughout the Universe in different 
proportions under the influence of the two contrasted divine powers, 
one attractive and one repulsive, which the ordinary eye sees working 
among men as love and hatred, ideas which recall the conceptions of 
Pythagoras. By the various combinations of the four elements all the 
many types of matter are formed, just as a painter makes all shades 
and tints by combining four pigments. 

Parmenides had argued against the existence of empty space, which 
men thought they perceived in air. Anaxagoras and Empedocles 
demonstrated the corporeal nature of air, and, by experiments with 
a water-clock, the latter showed that water can only enter a vessel as 
air escapes. This discovery proved air to be distinct both from empty 
space and from vapour. 

The idea that all things are made of four elements seems to have 
been derived from a natural misinterpretation of the action of fire. 

When burned, it was thought, a substance must be resolved into its 
elements; combustible matter is complex, while the small quantity of 
ash left by burning it is simple. For instance, when green wood is 
burnt, the fire is seen by its own light, the smoke vanishes into air^ 
from the ends of the wood water boils off, and the ashes are clearly of 
the nature of earth. 

Other theories based on this conception of fire followed in later 
times. It was the first great guiding idea of chemistry. Marsh says: 

“The fire theories are: the Greek theory of the four elements, the 
alchemical theory of the composition of metals, the iatrochcmical 
theory of the hypostatical principles and the phlogiston theory ’V 
which was developed during the eighteenth century. The rise and 
fall of these theories will be traced in the later chapters of this book. 

Empedocles thought that, by imagining his four elements united The Atomists 
in different proportions, he could explain all the endless kinds of 
different substances known to man. Leucippus and Democritus 
carried this simplification further, and developed into a theory of 
atoms the older and alternative hypothesis of a single element.^ 

The ground on which the atomic theory of the Greeks was founded 

* J. E. Marsh, The Origins and Growth of Chemical Science, London, 1926. 

* See works already mentioned, esp. Burnet; also J. Masson, The Atomic Theory of 
Lucretius, London, 1884; Paul Tannery, “Democritc et Archytas”, BulL des Sciences math. 
vol. X, 1886, p. 295; F. A. Lange, Geschichte des Materialismus, 1866 and 1873, Eng. trans. 

London and New York, 1925; Cyril Bailey, The Greek Atomists and Epicurus, Oxford, 1928. 
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was very different from the definite experimental facts known to 
Dalton, Avogadro and Cannizzaro when they formulated the atomic 
and molecular theories of to-day. The modern chemists had before them 
exact quantitative measurements of the proportions in which chemical 
elements combined by weight and by volume. These limited and 
definite facts led irresistibly to the idea of atoms and molecules, and 
gave to them at once relative atomic and molecular weights. The 
theory thus formulated was found to conform with all the rest of 
the many isolated or interconnected facts and relations which had 
become the common heritage of science, to be supported by other 
successive experiences, and to serve as a useful guide in the study and 
even in the prediction of new phenomena. Although, like every oth^r 
scientific generalization, it had philosophic meaning, it was nqt 
deduced from, or even necessarily bound up with, any complete 
philosophic theory of the Universe. It was a humbler but more 
useful affair. 

The Greeks had neither definite observed facts to suggest an exact 
and limited theory in the first place, nor the power of testing by 
experiment the consequences of the theory when framed. The Greek 
theory was founded on and incorporated in a cosmic scheme of 
philosophy, and it remained a doctrine, like the metaphysical systems 
in ancient and modern times, dependent on the mental attitude of its 
originators and their followers, and liable to be upset and replaced 
from the very foundations by a new system of a rival philosopher. And 
this indeed is what happened. 

The Ionian philosophers reasoned from the general knowledge of 
their time in the light of the prevalent metaphysical ideas. When 
matter is divided and subdivided, do its properties remain un- 
changed? Is earth always earth, and water water, however far the 
process is carried? In other words, are the properties of bodies 
ultimate facts of which no further explanation can be given, or can 
we represent them in terms of simpler conceptions, and thus push the 
limits of ignorance one step further back? 

It is this attempt at a rational explanation, in what seemed simpler 
terms, that makes the efforts of the Greeks to solve the problem of 
matter important in the history of scientific thought. According to the 
ideas that preceded their attempt, and followed the fall of the atomic 
philosophy, the qualities of substances were thought to be of their 
essence; the sweetness of sugar, and the colour of leaves, were as much 
a reality as the sugar and leaves themselves, and not to be explained 
by reference to other facts, or as varieties of human sensation. 
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It is of interest to trace the origins of the Greek atomic theory. The Atomists 
Thales took water, Anaximenes air, and Heraclitus fire, as primary 
elements. Anaximenes’ element, air, suffered condensation and 
rarefaction with its essence unchanged. Heraclitus’ theory of endless 
flux suggested the idea of invisible moving particles, realized in the 
evaporation of water and in the diffusion of scent. This led back to 
the Pythagorean doctrine of integral monads, conforming to the laws 
of number, as the ultimate reality. The conception of vacant space 
empty of matter was also held by the Pythagoreans, though they 
confused it with air. It was attacked by Parmenides, but it was 
revived by the atomists owing to the difficulty of explaining how 
particles could move in a fully packed space or plenum. Air was now 
known to be corporeal, and thus to the atomists empty space became 
a real vacuum. 

Such were the trains of thought which suggested the theory that 
matter consists of ultimate particles scattered in a void, a theory which 
explained all the relevant facts then known — evaporation, condensa- 
tion, motion, and the growth of new material. It is true that the 
fundamental problem remained, and was emphasized by other Greek 
philosophers. Were the atoms themselves infinitely divisible? The 
atomist evaded the logical pitfall, and held that atoms were physically 
indivisible because there was no void within them. 

The earliest atomists whose fame has reached us are Leucippus, 
a shadowy figure of the fifth century who is said to have founded the 
school of Abdera in Thrace, and Democritus, who was born at 
Abdera in 460 b.g. Their views are known to us by references in the 
works of later writers such as Aristotle, and by the work of Epicurus 
(341-270), who adopted and taught the theory of atoms at Athens 
as part of a complete pliilosophy of ethics, psychology and physics, 
set forth again two centuries later in the poem of the Roman Lucretius. 

Leucippus laid down the basal idea of atomism and also the 
principle of causation — ‘'Nothing happens without a cause, but 
everything with a cause and by necessity.” He and Democritus 
carried further the attempt of the Ionian philosophers to explain the 
properties of matter in terms of simpler elements. They saw that to 
admit the qualities of bodies as fundamental and inexplicable would 
stop all further enquiry. In contra-distinction to this view, Demo- 
critus taught: “According to convention there is a sweet and a bitter, 
a hot and a cold, and according to convention there is colour. In 
truth there are atoms and a void.” Thus, although he opposed 
Protagoras, who held the relativist view that “man is the measure of 
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Th$ Atomists all things ”, so that, for instance, honey may be sweet to me but bitter 
to you, Democritus saw that reality could not be reached through the 
senses alone. 

The atoms of Democritus were uncaused, existent from eternity, 
and never annihilated — “strong in solid singleness They were many 
in size and shape, but identical in substance. Thus difference in 
properties is due to differences in size, shape, position and movement 
of particles of the same ultimate nature. In stone or iron the atoms 
can only throb or oscillate, in ai r or fire they rebound at greater distances . 

Moving in all directions through infinite space, the atoms strike 
against each other, producing lateral movements and vortices, thi^s 
bringing similar atoms together to form elements and starting thje 
formation of innumerable worlds, which grow, decay and ultimately 
perish, only those systems surviving which arc fitted to their environ-; 
ment. Here we see a faint forecast of the nebular hypothesis, and of^‘ 
the Darwinian theory of natural selection. 

In the original form of the theory there is no idea of an absolute 
up or down, levity or heaviness. Moreover, motion persists unless 
opposed. To Aristotle, these sound ideas were incredible, and later 
on the theory seems to have been modified to meet his criticism. The 
truth had to be rediscovered by Galileo. In astronomy the atomists 
were reactionary, picturing the Earth as flat; but in other respects 
they were in advance of their contemporaries and their successors. 

Democritus’ teaching, as transmitted to us by Lucretius, effects 
a wonderful simplification in the mental picture of nature previously 
held. In fact, the picture is too simple. The atomists passed uncon- 
sciously over difficulties which, after the lapse of twenty-four centuries, 
are still unsolved. Fearlessly they applied the theory to problems of 
life and consciousness which still defy explanation in mechanical 
terms. Confidently they believed they had left no mysteries, blind 
to the great mystery underlying and surrounding all existence, a 
mystery none tlie less profound to-day than when the atomic theory 
was first formulated. 

The philosophic question at issue between the atomists and their 
opponents was the same as that which reappeared in the eighteenth 
century, when Newton’s physics were made the basis of a mechanical 
philosophy by his French disciples. Is the reality underlying nature 
something which in its essence resembles nature as it appears to the 
human mind, or is it a vast machine indifferent to man and his 
welfare? Is a mountain in reality a mass of rock clad in the green 
mantle of trees and the white coverlet of everlasting snow, or is it in 
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essence a concourse of minute particles with no human qualities, 
particles which somehow produce the illusion of form and colour in 
the human mind? The physicist analyses matter into particles, and 
finds that their forces and motions can be described in mathematical 
terms. The materialist pushes this scientific result into philosophy, 
and says that there is no other reality. The idealist revolts against an 
inhuman Cosmos, and in Greece the atomic philosophy, which 
seemed to demand it, was rejected. In the eighteenth century 
Newtonian science was too firmly established to be upset, and other 
roads of escape had to be sought in the dualism of Descartes or the 
idealism of Berkeley. 

Whatever be its value in philosophy, in science the Dcmocritean 
atomic theory is nearer to the views now held than any of the systems 
which preceded or replaced it, and its virtual suppression under the 
destructive criticisms of Plato and Aristotle must, from the scientific 
standpoint, be counted a misfortune. Platonism in its various forms 
was left to represent Greek thought to later ages, a fact which was one 
of the reasons why the scientific spirit vanished from the earth for 
a thousand years. Plato was a great philosopher, but in the history 
of experimental science he must be counted a disaster. 

Greek medicine^ contained much that was derived directly or 
indirectly from Egypt. The two most famous Grecian schools were 
those of Cos and Cnidos. In the former, disease was treated as a 
derangement of the normal and healthy body and reliance was placed 
on the vis medicatrix naturae ; in the latter, each disease was studied and 
a specific remedy was sought. 

With regard to the earliest historic times, it is interesting to note 
that in Homer’s Iliad the effects of different wounds arc accurately 
described, and the treatment prescribed is simple and straight- 
forward, showing the wholesome tradition of a rational spirit in 
medicine and surgery among the race of Homeric heroes. But it 
seems that this tradition was not general. In the Odyssey magic 
appears, and, among the bulk of the people in Greece as in other 
southern and eastern lands, spells and incantations formed the pre- 
valent type of treatment. Even in later times the two modes of thought 
were mingled. Towards the end of the classical period, after the 
height of Greek medical knowledge had been reached, there was still 
a large element of magic and sorcery in the medical treatment pro- 
vided by the temples of Aesculapius (the god of healing) at Epidaurus, 

‘ G. Singer, A Short History of Medicine, Oxford, 1928; R. O. Moon, Hippocrates and his 
Successors, London, 1923. 
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Athens and elsewhere. But, even to-day, charms are still relied on in 
some parts of England and Wales. 

As medicine was developed, the deductive method so dear to the 
Greeks was introduced, and preconceived notions about the nature 
of man or the origin of life were used as the basis of medical treatment, 
and doubtless cost many patients their lives. When theorizing was 
kept within bounds, medicine made rapid progress; the status of the 
physician rose with it, and an excellent code of professional life was 
adopted, afterwards formulated in the famous Hippocratic oath.^ It 
bound the physician to act solely for the benefit of his patient, and to 
keep his life and art pure and holy. , 

Most Greek philosophers dealt, incidentally at any rate, with l|he 
theory of medicine. To it the Pythagoreans applied their special tenets. 
Alcmaeon of Croton (c. 500 b.c.), probably the first to practice 
dissection and the chief pre-Socratic embryologist, discovered the 
optic nerve, and realized that the brain is the central organ of 
sensation and of intellectual activity. Anaxagoras made experiments 
on animals and studied their anatomy by dissection. Empedocles 
taught that blood flowed to and from the heart, and that health 
depended on a right equilibrium of his four elements in the body. 

Greek medicine culminated in the school of Hippocrates (c. 420 b.c.) 
with a theory and practice of the art somewhat resembling those 
which are current to-day, and far in advance of the ideas of any 
intervening epoch till modern times are approached. Their physiology, 
unlike that of Aristotle and Galen, was not concerned with final 
causes ; it dealt more with how than why, and was thus modern in 
spirit. The use of experiment appears: for instance, the Hippocratic 
writer concerned with embryology advises the observer to open hens’ 
eggs day by day as incubation proceeds. Disease was reckoned as 
a process subject to natural laws. The insistence on minute observation 
and careful interpretation of symptoms pointed the way to modern 
clinical medicine, while many diseases were accurately described and 
appropriate treatment indicated. Anatomy was practised to some 
extent, but it was riot till later, probably at Alexandria under the 
sway of the Ptolemies, that systematic human dissection first gave 
a firm basis of ascertained fact to human anatomy and physiology. 

The atomic philosophy marks the culmination of the first great 
period of Greek science. It was followed by a pause or even a retro- 
gression, an indication of the danger of philosophic a priori methods 
in dealing with nature. Perhaps the rise of Athens as a democratic 

* Singer, loc. cit. p. 17. 
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state turned men’s chief energies to rhetoric and politics. Fluent 
speech became the only road to power, and philosophers tended to study 
economics and ethics rather than mathematics and natural science. 

The next advance in knowledge is found in the writings of the early 
historians. Perhaps the first was Hecateus (540-475 b.c.), and then 
Herodotus (484-425), who travelled far, and gave valuable descrip- 
tions of people and countries. He showed a laudable curiosity, as 
may be seen in his enquiries into and speculations upon the causes of 
the regular flooding of the Nile. A more accurate and critical spirit 
is to be observed in Thucydides (460-400 b.c.), who criticized the 
mythical period of Greek history in the spirit of a scientific historian, 
described the Peloponnesian War as an eye-witness, and gave an 
account of plague at Athens, and of the solar eclipse in the year 431 . 

The influence of atomism is again seen in the scepticism of some 
of its opponents, who, like the atomists, doubted the power of the 
senses to give us information about the external world. But an 
opposite conclusion was drawn. The atomists had assigned reality to 
matter rather than to mind; the opposing school held that, since 
sensation certainly exists while its messages about reality are doubtful, 
sensation is the only reality. A corresponding reaction from a 
mechanical philosophy to phenomenalism is seen in a later age. 

A critical type of the reaction appears in Socrates, who, in the pose 
of an enquirer, cross-examined sophist, pohticiaii or philosopher, 
exposing ignorance, stupidity and pretentiousness wherever he found 
them. He upheld the supremacy of the mind, since it apprehends the 
true “forms” or ideals towards which the objects of sense are only 
tending. Moral perfection is an ideal; equality is an ideal; but two 
stones can never do more than approach equality as a limit. Socrates 
regarded the mind as the only worthy object of study, and held that 
the true self was not the body but the soul and the inner life. Thus his 
influence tended to turn men’s attention away from the investigation 
of nature. Indeed, from one point of view, Socrates led a religious 
reaction against the materialistic attitude of the nature philosophers 
of Ionia, although popular clamour charged him with atheism. 
Plato’s rejection of a mechanical determinism is explained in the 
famous scene in the Phaedo, where Socrates in prison is waiting the 
time when he must drink the hemlock. Plato makes him tell his 
friends that to Anaxagoras the causes of his sitting there may be the 
nature of his bones and sinews. But the real causes are: 

that, since it appeared better to the Athenians to condemn me, I thought it better 
to sit here and more just to remain and submit to the punishment which they have 
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ordered, for, by the dog, I think these sinews and bones would have been long ago 
in Megara or Boeotia, borne thither by an opinion of that which is best, if I had 
not thought it more just and honourable to submit to whatever sentence the city 
might order rather than to flee and run stealthily away. 

Socrates here shows a natural reaction from a premature mechanical 
philosophy, and perhaps a certain misunderstanding of and antagonism 
to the scientific attitude of mind. Certainly he turned philosophy 
from a study of the past and present to a consideration of the future — 
the end for which the world was created. But Aristotle says there are 
two scientific achievements that may fairly be attributed to Socrates, 
universal definitions and inductive reasoning. 

In his disciple Plato (428-348 b.g.), who was the greatest exponent 
of idealism, sceptic and mystic were combined. Plato’s ideas of natui^ 
were deduced a priori fium human needs and predilections. God is 
good and the sphere is the most perfect of forms, therefore the Universe, 
must be spherical. Primary matter is identical with extended space; 
the four elements are not letters of Nature’s alphabet or even syllables 
of her words. For the marking of time there are heavenly bodies 
moving in cycles, to which God has given circular motion. Plato 
clearly shows the influence of the Pythagorean mystical doctrine of 
form and number, and, though his application of it to astronomy was 
less modern than that of the Pythagoreans, he regarded the stars as 
floating free in space, moved by their own divine souls. But a com- 
bination of Plato’s cycles could be made to represent the apparent 
path of the Sun round the Earth, a system of astronomy afterwards 
developed in detail by Hipparchus and Ptolemy, though, in his old 
age, Plato is said to have realized that a moving Earth would give 
a simpler account of the phenomena. 

Plato’s physics and biology were anthropomorphic, even ethical. 
While the lonians held an evolutionary cosmogony, that of Plato was 
creational. His cosmos was a living organism with body, soul and 
reason. In the Timaeus he deduces from this theory a view of the 
nature and structure of the Universe, even of human physiology, on 
the fanciful analogy between the cosmos and man, the macrocosm 
and the microcosm — an idea, held also by Alcmaeen, which persisted 
through the Middle Ages. 

Based on such thought, Plato’s science was for the most part 
fantastic. He roundly condemned experiment as either impious or 
a base mechanical art. Mathematics, a deductive science, on the 
other hand, he prized highly. Plato himself formulated the idea of 
negative numbers, and treated the line as “flowing” from a point — 



SCIENCE IN THE ANCIENT WORLD 20 

the germ of the “method of fluxions” developed by Newton and 
Leibniz. In mathematics, mental concepts, suggested perhaps by 
observation, but purified by reason, were subjected to logical analysis, 
and their consequences unfolded. Here indeed was a delight and 
a task worthy of a philosopher. 

Such views led Plato to develop the theory of “intelligible forms ” — 
the doctrine that “forms” or ideas alone possess full being and reality 
which he denied to individuals. This theory was afterwards applied 
to the problem of classification. In nature we find numberless groups 
more of less similar; triangles, let us say, on the one hand, and animal 
and vegetable species on the other. The Greeks and Mediaevalists 
never distinguished between these two sides of the problem, or 
realized the difficulties inherent in the classification of natural living 
objects. They regarded classes as sharply separate, like the words used 
to name them, and proceeded to consider a priori the similarities in 
the individuals composing the classes. 

To explain the similarity, Plato imagined a primary type to which, 
in some way, the individuals conform or approach. Plato found that, 
when the mind begins to frame definitions and to reason about them 
in general terms applicable to any particular case, the definitions and 
reasonings are connected with these hypothetical types. All natural 
objects are in a constant state of change; it is only the types that are 
real and remain constant and unchangeable. Hence Plato was led 
to his characteristic form of idealism, known to later ages as realism, 
the theory that these ideas have a real existence and are, in fact, the 
only realities. Individuals, whether dead substances or living beings, 
are but shadows. There is no reality in them till the mind grasps their 
essence, and thus discovers classes or universals. The ideas or universals 
alone are real and fit subjects for rational analysis. 

Plato’s School at the Academy in Athens lasted for nine centuries — 
till closed by the Emperor Justinian in a.d. 529. 

Aristotle,^ who was born in 384 b.q. at Stagira in Chalcidice, and 
died in 322 in Euboea, was a son of the physician to Philip, King of 
Macedon, and was himself the tutor of Alexander the Great. After 
many years of study as a disciple of Plato, he founded a new school 
of philosophy, known as the Peripatetic, from the custom of master 
and pupils walking together in the gardens of the Lyceum at Athens. 

Aristotle was the greatest collector and systematizer of knowledge 
whom the ancient world produced. His supreme importance in the 

* An English translation of Aristotle’s works is issued by the Oxford University Press, 
igo 8 -. See also W. D. Ross, Aristotley London, 1923* 
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Aristotle history of science consists in the fact that, till the Renaissance of 
learning in modern Europe, though appreciable advances in our 
knowledge of special parts of nature were made by single individuals, 
no systematic survey and no complete grasp of knowledge at all com- 
parable with his appeared in all the centuries that followed him. One 
of the intellectual tasks of the early Middle Ages was to assimilate as 
much of his works as could be gleaned from imperfect and incomplete 
compendiums ; and the later mediaeval writers devoted their strength 
to recovering his meaning when the full text of his books appeared in 
the West. Aristotle’s works are an encyclopaedia of the learning of the 
ancient world, and, save in physics and astronomy, he probably made 
a real improvement in all the subjects he touched. Moreover he Was 
one of the founders of the inductive method, and the first to conceive 
the idea of organized research. But it is his own labours in science and 
in the classification of knowledge that give him his great title to fame. 

Among his many writings which have survived, the Physical DisA 
course deals with the philosophy of nature, the principles of existence, 
matter and form, motion, time and space, the ever-moving sphere of 
the outer heaven, and the Unmoved Mover who must exist to keep 
it in motion. Aristotle holds that a continually acting cause is needed 
to keep a body moving, while Plato seems to assume that a cause is 
only needed to deflect it from a straight path. Aristotle’s book On the 
Heavens gradually descends from the outer region to the material and 
perishable, and thus leads to an account of Generation and Destruc- 
tion, in which the opposing principles of hot and cold, wet and dry, 
produce by their mutual action in pairs the four elements, fire, air, 
earth and water. To the terrestrial elements Aristotle added aether, 
winch moves in circles and makes up the heavenly bodies, perfect and 
incorruptible. 

The Meteorologies treat of the region between heaven and earth, the 
realm of the planets, comets and meteors; and include primitive 
theories of sight, colour vision and the rainbow. In the fourth book, 
probably written not by Aristotle but by his successor Straton, we 
have an account of primitive ideas on chemistry. Of two exhalations 
imprisoned within the earth, the one, steamy or w€t, gives rise to the 
metals, and the other, smoky or dry, to the rocks and minerals that 
cannot be melted. Ideas are given on solidification and solution, 
generation and putrefaction, and on the properties of composite 
bodies. Aristotle’s meteorology, which to us seems much less satis- 
factory than his work on biology, had considerable influence during 
the later Middle Ages. 
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Perhaps the greatest of Aristotle’s advances in exact knowledge Aristotle 
were those he made in biology. He defined life as “the power of 
self-nourishment and of independent growth and decay”. He divided 
zoology into three parts: (i) Records about Animals, dealing with 
the general phenomena of animal life, i.e. natural history; (2) On the 
Parts of Animals, organs and their functions, i.e. anatomy and 
general physiology; and (3) On the Generation of Animals, repro- 
duction and embryology. He mentions some five hundred different 
animals, some with an accuracy and detail which show personal 
observation, and fifty with a knowledge gained by dissection and 
illustrated by diagrams. For his account of others he relied on 
fishermen, hunters, herdsmen and travellers. 

Naturally such a mass of information is of unequal value, but 
Aristotle records many facts only rediscovered in recent centuries. 

He recognized that whales are viviparous; he distinguished carti- 
laginous from bony fishes; he described the development of the 
embryo chicken, detected the formation of the heart, and watched 
it beat while it was yet in the egg. 

Ill general embryology his ideas mark an important advance. 

Earlier views, possibly derived from Egypt, regarded the father as 
the only real parent, the mother providing merely a home and 
nourishment for the embryo. Such beliefs were widespread, and 
largely underlay patriarchal customs both in the ancient and the 
modern world. Aristotle recognized the female contribution to genera- 
tion, and held that she supplied substance for the active male principle 
to form. He regarded the embryo as an automatic mechanism which 
only needs to be started. 

In classifying animals, Aristotle rejects the older principle of dicho- 
tomy, whereby animals were placed in contrasted groups, such as 
land and water animals, winged and wingless. He observed that this 
principle led to the separation of animals nearly related, such as 
winged and wingless ants. He recognized that it is necessary to use 
as many distinguishing qualities as possible, and, by the help of this 
method, he drew up a table of classes which was much nearer modern 
systems of classification than any previously adopted. 

Even in physiology, though his conclusions and theories arc often 
wrong, he seems to have practised vivisection, and in general his 
methods mark a great step in advance. For instance, after giving 
a description of the views on respiration held by earlier naturalists, 
he points out that “the main reason why these writers have not given 
a good account of the facts is that they had no acquaintance with the 
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Aristotle internal organs, and that they did not accept the doctrine that there 
is a final cause for whatever Nature does. If they had asked for what 
purpose respiration exists in animals, and had considered this with 
reference to the organs, e.g. the gills and the lungs, they would have 
discovered the reason more rapidly”. Here the insistence on the need 
for observation of anatomical structure before the framing of views 
on the functions of organs is sound, though the insistence on an 
enquiry into final causes is dangerous. In the treatment which follows, 
Aristotle passes in review the structure of a number of animals, and 
describes the action of their lungs or gills. In drawing conclusions, 
he had, of course, little knowledge of chemistry to help him, the idea 
of gases other than air was unknown, and the only change ini air 
wliich could be suggested was its heating or cooling. Aristotle’s theory 
that the object of respiration is to cool the blood by contact with air, 
though to us obviously false, was perhaps the best of which his age 
was capable. On the other hand, it seems strange that although 
Alcmaeon and Hippocrates had recognized that the scat of intelligence 
is in the brain, Aristotle should have returned to the view that it 
is in the heart, the brain being to him a mere cooling organ. Further- 
more, his denial of the sexuality of plants caused a long delay in its 
rediscovery and final acceptance . 

In physics in the modern sense, and in astronomy, Aristotle was 
less successful than in biology, which till recent years was still chiefly 
an observational science. The success of his attack on the atomic 
philosophy shows the insecurity of physical theories which, though 
sound in themselves, are not founded on a broad and detailed basis 
of experimental fact. He rejected the atomic theory altogether 
because its consequences did not agree with his other ideas of nature, 
and, in the absence of definite confirmatory evidence, he was able to 
secure a general acceptance of his views. 

As an example of Aristotle’s method of criticism, his treatment of 
the problem of falling bodies is instructive. Democritus had taught 
that in a vacuum the heavier atoms would fall faster than the lighter 
ones. Aristotle, on the other hand, held that in a vacuum bodies must 
fall equally fast, but argued that such a conclusion is inconceivable, 
and that therefore there can never be a vacuum. 

With the possibility of empty space, he rejected all the allied con- 
cepts of the atomic theory. He also argued that if all substances were 
composed of the same ultimate material they would all be heavy by 
nature, and nothing would be light in itself or tend to rise spon- 
taneously. A large mass of air or fire would then be heavier than a 
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small mass of earth or water, and the earth or water could not sink Aristotle 
through air or fire as it is known to do. 

Aristotle’s error arose from the fact that, in common with other 
philosophers before Archimedes, he had no idea of the conception 
now known as density or specific gravity; he failed to see that it is the 
weight per unit volume compared with that of the surrounding 
medium which determines rise or fall, and, following the teaching of 
Plato, he attributed the motion to an innate instinct leading every- 
thing to seek its own natural resting-place. This doctrine, that bodies 
arc essentially heavy or light in themselves, was accepted with the 
rest of Aristotle’s philosophy by the Schoolmen and theologians of the 
later Middle Ages. Thus his dead hand held back the advance of 
knowledge till Stevinus, about a.d. 1590, appealing to actual experi- 
ments, showed that, save for a difference produced by the resistance 
of the air, heavy bodies and light ories fall at the same rate, and thus, 
when his work was known and repeated by Galileo, destroyed the 
Aristotelian conception of heaviness and lightness as essential qualities. 

Aristotle, too, though he accepted the spherical form of the Earth? 
maintained the geocentric theory which regarded the Earth as the 
centre of the Universe, and his authority did much to prevent the 
heliocentric theory, when put forward by Aristarchus, from being 
accepted by astronomers till the days of Copernicus seventeen hundred 
years later. 

In rejecting the atomic theory, Aristotle fell back on the view 
originating with the Pythagoreans that the essence of matter was to 
be found in four primary and fundamental qualities, existing in con- 
trasted and opposite pairs — the hot and the cold, the wet and the dry- 
These qualities united in binary combination to form the four elements, 
earth, water, air and fire, which, in varying proportions, build up 
different kinds of matter. Water was wet and cold, fire hot and dry, 
and so on. Later writers mixed this theory with the Hippocratic 
doctrine that the body was composed of four liquids or humours: 
blood, phlegm, black bile for melancholy and yellow bile for anger. 

The combination of these was supposed to determine bodily constitu- 
tion, and excess of one or the other produced sanguine, phlegmatic, 
melancholic or choleric temperaments. Blood was supposed to be 
related to fire, phlegm to water, yellow bile to air, and black bile to 
earth. 

All this, to us fanciful nonsense, is necessary for the comprehension 
of ancient and mediaeval thought, and indeed for an understanding 
of one of the sources of some of the words still used in our language. 
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Aristotle The doctrine of the four elements lasted till the seventeenth century, 
and we still use the terms of the theory of four humours to describe 
the dispositions of our friends. 

Besides his work on different branches of science, Aristotle wrote 
on many philosophic subjects, and, in them all, influenced pro- 
foundly his own and succeeding ages. From Plato, his master in 
philosophy, he took over many metaphysical ideas, some of which he 
modified in accordance with his greater knowledge of nature. Plato 
had no insight into the meaning of experimental science; his interests 
were philosophical. Hence perhaps arises the fact that Plato’s theory 
of nature as a whole, and even that of his pupil Aristotle, were Iqss in 
accordance with what we now hold to be the truth, than the Icon- 
clusions of the older nature-philosophers, though in metaphysics ^lato 
went deeper, and in points of scientific detail Aristotle far surpassed 
them in knowledge. 

With the more metaphysical aspects of Greek thought we are but 
little concerned. Yet, owing to its importance in mediaeval con- 
troversy and in the development of modern science after the Renais- 
sance, we must touch once more on Plato’s doctrine of ideas, and 
Aristotle’s variation of it. 

Plato, as we have seen, allowed no full reality to individual things 
or individual beings — to actual lumps of stone, to single plants or 
animals. The intelligible form of a universal class, whether of stones 
or of plants, alone is fully real. 

To Aristotle, often immersed in the detailed study of definite 
individual animals or other concrete objects, this thorough-going 
idealism was not a convenient attitude of mind, and he broke away 
from it. But the influence of his master remained and indeed in- 
creased in his later years, though he never returned to Plato’s extreme 
position. While admitting the reality of the individuals, the concrete 
objects of sense, Aristotle came to recognize also a secondary reality in 
the universals or ideas. In later ages Aristotle’s divergence from the 
“realism ” of Plato was developed into what was called “nominalism ”, 
in accordance with which the individuals are the sole realities, the 
universals being only names or mental concepts. To this whole ques- 
tion we shall be brought back when dealing with mediaeval thought. 

Whatever be the truth of Plato’s doctrine of ideas from a meta- 
physical point of view, the mental attitude which gave it birth is not 
adapted to further the cause of experimental science. It seems clear 
that, while philosophy still exerted a predominating influence on 
science, nominalism, whether conscious or unconscious, was more 
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favourable to the growth of scientific methods. But Plato’s search for 
the “forms of intelligible things” may perhaps be regarded as a guess 
about the causes of visible phenomena. Science, we have now come 
to understand, cannot deal with ultimate reality; it can only draw 
a picture of nature as seen by the human mind. Our ideas are in a 
sense real in that ideal picture world, but the individual things re- 
presented are pictures and not realities. Hence it may prove that a 
modern form of the realism of ideas may be nearer the truth than is 
a crude nominalism. Nevertheless, the rough-and-ready suppositions 
which underlie most experiments assume that individual things are 
real, and most men of science talk nominalism without knowing it, as 
Monsieur Jourdain talked prose. 

The characteristic weakness of the inductive sciences among the 
Greeks is explicable when we examine their procedure. Aristotle, 
while dealing skilfully with the theory of the passage from particular 
instances to general propositions, in practice often failed lamentably. 
Taking the few available facts, he would rush at once to the widest 
generalizations. Naturally he failed. Enough facts were not available, 
and there was no adequate scientific background into which they 
could be fitted. Moreover, Aristotle regarded this work of induction 
as merely a necessary preliminary to true science of the deductive 
type, which, by logical reasoning, deduces consequences from the 
premises reached by the former process. 

Aristotle was the creator of formal logic, with its syllogistic form 
and show of conclusiveness. It was a great discovery, and by itself 
would have been enough to make the reputation of a lesser man. 
Aristotle applied his discovery to the theory of science, choosing as 
examples the mathematical subjects and especially geometry, which 
had already passed from its early tentative stage, in which perhaps 
Thales was trying to rationalize the empirical rules of land-surveying, 
to a later more completely deductive form. 

But syllogistic logic is useless for experimental science, where dis- 
covery, and not formal proof from accepted premises, is the main 
object sought. To start from the premise that an element cannot be 
broken up into simpler bodies would have led to a correct list of 
known elements in 1890, but by 1920 it would have excluded all 
those that are radio-active. Thus the premise has been modified, and 
the word “element” has changed its meaning. But that fact does not 
destroy its utility, nor does it invalidate modern physics. 

Fortunately modern experimenters have not troubled about the 
formal rules of logic; but the prestige of Aristotle’s work did much to 
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turn Greek and niediaevaJ science into a search for absolutely certain 
premises and into the premature use of deductive methods. The results 
were the assignment of infaUibility to many very fallible authorities 
and much false reasoning in deceptive logical form. As Dr Schiller says : 

The whole theory of science was so interpreted, and the whole of logic was so 
constructed, as to lead up to the ideal of demonstrative science, which in its turn 
rested on a false analogy which assimilated it to the dialectics of proof. Does not 
this mistake go far to account for the neglect of experience and the un progress ive- 
ncss of science for nearly 2000 years after Aristotle ? ^ 

Aristotle w«'is followed as head of the Peripatetic School by his 
pupil Theophrastus, born about 370 b.c., whose chief work wasjin 
mineralogy and in botany, both systematic and physiological. It is 
held by some that records collected by the scientific staff which 
accompanied Alexander on his campaigns were used by Theophrastas, 
who described and classified plants, and gained some knowledge of 
plant organs and their functions. For instance, he distinguished bulbs, 
tubers and rhizomes from true roots and understood the sexual repro- 
duction of higher plants — knowledge which, owing to the disbelief of 
Aristotle, was lost to the world till Andrea Cesalj)ini revived the w^ork 
of Theophrastus at the Renaissance. 

Theophrastus was succeeded by Straton, a physicist, who tried to 
reconcile the views of Aristotle and the Atomists, though he himself 
held a thorough-going mechanical philosophy. From this time the 
school of the Lyceum became less important, and, by the middle of 
the third century, its work was done. 

Between the times of Plato and Aristotle, about 367 b.c., Eudoxus 
of Cnidos did good work in astronomy, though his cosmogony was 
a relapse from the ideas of the Pythagoreans with their moving Earth. 
Eudoxus held that the Earth was the centre of all things, and lliat the 
Sun, Moon and planets revolve round it in concentric crystal spheres. 
This was the first serious attempt to explain the apparently irregular 
movement of those bodies. The system of Eudoxus led to the more 
elaborate schemes of Hipparchus and Ptolemy, whose cycles and 
epicycles satisfied astronomers till the time of Copernicus. In its day, 
the now discredited geocentric theory, which gave a quantitative 
explanation of the phenomena, was an immense advance over the 
ideas which preceded it. A false hypothesis, if it serve as a guide for 
further enquiry, may be more useful at the time than a truer one for 
which verifiable evidence is not yet at hand. 


* Studies in the Hutory and Method of Science, ed. C. Singer, Oxford, 1917, p. 240. 
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The literary bent which has characterized modem studies of ancient Hellenistic 
times has directed attention chiefly to the ages when the poets and CivilizatM 
sculptors of Athens were putting forth their masterpieces. It would 
be unfair to say that the classical period of Greece produced no 
science. There was geometry before Euclid; the medicine of Hippo- 
crates and the zoology of Aristotle were based on sound observation. 

Yet the philosophic outlook was metaphysical and not scientific; even 
the atomic theory of Democritus was speculative philosophy and not 
science. 

With the marches of Alexander the Great we reach a new epoch. 

He carried to the East that Greek culture which was already spreading 
westwards over the Mediterranean, and in return he brought Baby- 
lonia and Egypt into closer touch with Europe, while his staS' collected 
vast stores of facts in geography and natural history. Thus began 
three centuries of Hellenism, from the death of Alexander in 323 to 
the establishment of the Roman Empire by Augustus in 31 li.c., 
centuries during which Greek culture, having passed its zenith in its 
original home, spread to other lands and dominated the known world. 

A form of the Greek language, t) Koiin), the common speech, was 
understood “from Marseilles to India, from the Caspian to the 
Cataracts”, and the upper classes from Rome to Asia accepted Greek 
philosophy and the Greek outlook on life. Commerce became inter- 
national, and thought was free as it was not to be again till modern 
days in some nations of the western world. 

The increased knowledge of the Earth led to more curiosity about 
natural things, and a more scientific attitude of mind. We arc at once 
conscious of a more familar atmosphere — indeed there is much 
resemblance to our own times, though there were then few machines 
and many slaves. A change in method appears. We pass from general 
philosophic systems and encyclopaedic surveys of knowledge to more 
modern specialization. Definite and limited problems are isolated 
from others and attacked singly, and real progress in natural know- 
ledge is seen. Indeed, the change from the synthetic philosophies of 
Athens to the analytic science of Archimedes and the early Alex- 
andrians is closely parallel to the change from the Scholasticism of 
late mediaeval writers to the modern science of Galileo and Newton. 

In Hellenistic learning the Greek element was predominant, but 
other influences were not wanting. Babylonian astronomy, making 
simultaneous advance under Kidinnu (or Kidenas) of Sippar, was 

‘ W. W .Tarn, Hellenistic CivilizaM, London, 1927; W. H. S. Jones and Sir T. L. Heath, 

“Hellenis c Science and Mathematics”, in Cambridge Ancient History ^ vol. vii, p. 284. 
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Hellenistic becoming available in Greek translations, bringing with it the 
CMization fantasies of Chaldaean astrology. The most important development 
in philosophy, Stoicism, was due to Zeno of Citium, who was 
reckoned a Phoenician. 

The Hellenistic period comprised two phases; the first expansive 
and creative in politics, literature, philosophy and science, the second 
showing an exhaustion of the creative impulse and a reaction, both 
material and spiritual, of the East on the Westj “The Graeco-Mace- 
donian world is caught between that reaction and Rome, until Rome, 
having destroyed the Hellenistic state-system, is ultimately compelled 
to take its place as the standard-bearer of Greek culture.” But jthe 
Greek period of Hellenism went down in the civil wars of Rome, ^nd 
the Empire developed a culture which, though Graeco-Roman, >Vas 
unable to exclude for long Asiatic influences. 

Even in the earlier period, soon after the time of Alexander, 
eastern ideas began to spread. Star-worship began at a very early 
date in Babylon; the idea of a correspondence between the heavens 
above and man beneath suggested that the planets, which move in 
fixed paths, determine men’s actions, for man the microcosm is a 
counterpart of the macrocosm, and his soul but a spark of the fire 
which glows in the stars. Hence arose the terrible Babylonian idea 
of the Fate which rules alike stars and gods and men. 

Plato had heard of astrology, but effective knowledge of it was first 
brought to the Greeks by Berosus about 280 b.c. In the second 
century, when science began to fail, astrology spread rapidly, and, 
under the influence of Posidonius, it began an evil career which did 
not end even with Copernicus and Newton. 

As a means of escape from Fate, men looked first to the heavens 
themselves, where incalculable bodies like comets suggested room for 
freedom. But more hopeful seemed the three roads opened by magic, 
by the mystery religions, and by what in early Christian times was 
called gnosticism. 

The gnostic held that a god had revealed a secret key to the 
Universe to some chosen soul, and, if man could but rediscover it, his 
soul would be free, for Knowledge is above FaFe. 

Magic is almost ubiquitous, but in the second century a fresh flood 
from Asia followed astrology into Europe, and gave men the hope of 
controlling nature, the gods and the stars. The papyri of the time are 
full of recipes for charms and spells. 

The mystery religions, based on the prehistoric rites of initiation 
and communion, for the most part sought salvation by personal union 
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with a saviour-god, known under many names, who had died and Hellenistic 
risen again. These religions, as we have seen, had long been known 
in Greece, but, with the breakdown of the local deities of Olympian 
mythology in the international atmosphere of Hellenistic times, they 
swept the world. From the second century onward men’s religious 
sense deepened, and, till the rise of Christianity, their needs were 
mostly met by the mystery religions. 

Astrology, magic and religion make their appeal to all men, but 
philosophy and science only to the few. The most characteristic and 
most important Hellenistic philosophy was Stoicism. Zeno began 
teaching in Athens soon after 317 b.c., and his doctrines spread till 
they became the chief philosophy of Rome. Though Stoicism took 
physics as theoretically the basis of logic' and ethics, it had little direct 
contact with physical science. Its theology was a form of pantheism, 
and its real meaning and its real power lay in a high and stern concept 
of morality. 

Of more importance in the history of science is the system of 
Epicurus, because, although its interests were mainly philosophical 
and not scientific, it was based on the atomism of Democritus. It 
thus preserved the atomic theory till Lucretius came to enshrine it 
for us in his poem. 

Epicurus, who was born at Samos in 342 b.c. and died at Athens 
in 270, led a reaction against the idealist philosophy of Plato and 
Aristotle, a reaction which involved a belief in a dualism of mind and 
body. To Epicurus, all that exists is corporeal, though some things 
such as atoms are too small for the senses to appreciate directly. Man’s 
soul is but a warm breath, and death is the end of all. There are gods, 
but they, like man, arc a product of nature and not its creators ; they 
exist in perfect blessedness and tranquillity and are to be worshipped 
neither in fear nor in hope. They are 

careless of mankind. 

For they lie beside their nectar, and the bolts are hurled 
Far below them in the valleys, and the clouds are lightly curl’d 
Round their golden houses, girdled with the gleaming world. 

The only test of reality is sensation; ideas are but fainter images 
produced by repeated sensation, stored in memory, and recalled by 
names. The less obvious phenomena of nature are to be explained on 
analogy with what is familiar. Nature is made of atoms and a void 
as in the scheme of Democritus. Our world is but one of many 
produced by chance conjunctions of atoms in infinite space and 
endless time. 
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Man is subject neither to the tyranny of capricious gods nor to the 
blind immutable Fate imagined by the Babylonians and by some 
Greek philosophers; he is as free as he seems to himself to be. Man, 
like a god, can withdraw himself from external troubles, and seek 
grave and solemn pleasure in quiet ease of heart. Prudential wisdom 
is more than philosophy. Thus Epicurus used the atomic theory and 
a primitive sensationalism as a basis on which to build a system of 
cheerful if superficial optimism. His physics are subservient to his 
ethics.^ 

The higher value assigned by Aristotle to deductive as compared 
with inductive reasoning, was due to the fact that the most successful 
product of the Greek mind was the deductive science of geometlry.^ 
The details of its history are not within the scheme of this book, put 
in any account of science it must find some place, even if it be 
regarded as merely one of the tools which natural science has used 
most freely. 

Geometry, as its name implies, arose from the practical need of 
land-surveying, and this need was greatest, and was best met, in 
Egypt, where the inundations of the Nile periodically removed the 
landmarks. Tradition says that it was Thales of Miletus, earliest of 
Ionian philosophers, who, after a visit to Egypt, conceived the 
thought of an ideal science of space and form based on the empirical 
rules for land-surveying. The next great step seems to have been 
taken by Pythagoras and his disciples, who not only proved new 
theorems, but arranged in some sort of logical order those already 
known. 

A history of geometry was written by Eudemus of Rhodes about 
320 B.c. Fragments of this work remain, and from them can be 
gathered some idea of the gradual additions which were made to 
geometrical propositions. Existing knowledge was collected, de- 
veloped and systematized by Euclid of Alexandria about 300 b.c. 
From a few axioms, regarded as self-evident properties of space, 
a wonderful series of propositions was deduced by logical principles, 
in a manner which, till quite recent years, remained the only accepted 
method. 

Geometry can now be looked at in two ways. Firstly, it can be 
taken as the deductive step in one of the observational and experi- 
mental sciences. From the empirical facts of Egyptian land-surveying, 
certain axioms and postulates are laid down. They seem to be self- 


* CJyril Bailey, The Greek Atomists and Epicurus, Oxford, 1928. 

2 See Whewcll and Rouse Ball, loc. cit. Also G. J. Allman, Greek Geometry, Dublin, i88g. 
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evident facts, but really they are hypotheses as to the nature of space, 
obtained by a process of imaginative induction from the observed 
phenomena. From these hypotheses mathematical geometry deduces 
by logical reasoning an immense number of consequences, such as 
those given in the books of Euclid and in geometrical astronomy. Till 
quite recently, all these consequences were found to agree with the ob- 
servations and experiments made on nature. In particular the mathe- 
matical astronomy of Newton and his followers, to the days of Adams 
and Leverricr, an astronomy which assumed Euclidean space, verified 
the hypotheses to a high degree of accuracy. On this view, as we 
have said, geometry is but the deductive part of an experimental 
science. 

But it is possible to look at it in another way. Common observation 
suggests space of a certain kind. The mind adopts the suggestion, and 
defines an ideal space, which is perfectly what observed space seems 
to be. At a later stage the mind defines other kinds of space — non- 
Euclidean, perhaps impossible of physical representation. Having 
obtained its definitions, the mind is now free to develop their logical 
consequences, with no reference to what is or is not in accordance 
with nature. If space is defined as having three dimensions, one set 
of consequences follows. If we assume that space, or what corre- 
sponds to space, has n dimensions, we get other consequences. It is 
a pretty and intellectual game, but necessarily it has nothing directly 
to do with nature or with experimental science, though the methods 
learnt in the game may afterwards prove useful. 

Both these two points of view arc essentially modern. The Greek 
mathematicians and philosophers accepted implicitly the simple 
intuitional idea, in which the axioms of geometry are taken to be facts 
self-evident to the mind. But whatever view we may now take of its 
philosophic meaning, deductive geometry was especially suited to the 
Greek genius, and, unlike some other products of Greek thought, it 
marked a permanent step in the advance of knowledge, a step which 
never had to be retraced. Indeed, Greek geometry may well be 
considered to share with modern experimental science the highest 
place among the triumphs of the human intellect. 

The origins of the sciences of mechanics and hydrostatics are to be 
sought in the practical arts, rather than in the writings of the early 
Greek philosophers, but they were placed on a sound footing when 
observation was allied to the deductive methods learnt in geometry. 
The first known to have done this was Archimedes of Syracuse (287- 
212 B.C.), whose work, more than that of any other Greek, shows the 
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Archimedes true modern combination of mathematics with experimental enquiry ; 

^ combination in which definite and limited problems are attacked, 
Mechanics and hypotheses are set forth only to have their logical consequences 
. first deduced and then tested by observation or experiment.^ 

The idea of the relative densities of bodies, which, as we have seen, 
was unknown to Aristotle, was first formulated clearly by Archimedes, 
who, moreover, discovered the principle known by this name — that, 
when a body floats in a liquid, its weight is equal to the weight of 
liquid displaced, and, when it is immersed, its weight is diminished 
by that amount. It is said that King Hiero, having entrusted some 
gold to the artificers who were to make his crown, suspected them of 
alloying it with silver. He asked Archimedes to test this suspicipn. 
While thinking over the problem, Archimedes noticed in his b^th 
that he displaced water equal in volume to his own body, and saw at 
once that, for equal weights, the lighter alloy would displace more 
water than the heavier gold. This flash of insight revealed to Archi- 
medes his principle, but he then proceeded to deduce it mathematically 
from his fundamental conception of a fluid as a substance that yields 
to any, even the smallest, shearing stress, that is, a force tending to 
cause one layer to slide over another. 

Archimedes also considered the theoretical principle of the lever, 
the practical use of which must be of immemorial antiquity and is 
illustrated in the sculptures of Assyria and Egypt two thousand years 
before the days of Archimedes. Nowadays we treat the law of the 
lever as a matter for experimental determination, and deduce other, 
more complicated, results from it. But, with the Greek love of 
abstract reasoning, Archimedes deduced that law from what he 
regarded either as self-evident axioms, or as statements which could be 
verified by simple experiment: (i) that equal weights placed at equal 
distances from the point of support balance; (2) that equal weights 
placed at unequal distances do not balance, but that which hangs at 
the greater distance descends. Implicitly, however, the principle of 
the lever, or of the centre of gravity, which is equivalent to that of the 
lever, is contained in these axioms. Nevertheless, the co-ordination 
of the law of the lever with ideas which then ^emed simpler was 
a step in advance. It is, indeed, the type of most scientific explanation 
which, in its essence, generally consists in describing new phenomena 
in terms of others more familiar to our minds. 

Archimedes’ chief interest lay in pure geometry, and he regarded 

* Sir T. L. Heath, Works of Archimedes, Cambridge, 1897; E. Mach, Die Mechanik in 
ihrer Entwickelmg; John Cox, Mechanics, Cambridge, 1904. 
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his discovery of the ratio of the volume of a cylinder to that of a sphere 
inscribed in it as his greatest achievement. He measured the circle 
by inscribing and circumscribing polygons, increasing the number of 
sides till the polygons nearly met on the circle. By this method of 
exhaustion he showed that the ratio of the circumference to the 
diameter was greater than 3^^ and less than 3^. The mechanical 
contrivances for which he was famous — compound pulleys, hydraulic 
screws, burning mirrors — ^were considered by him as the recreations 
of a geometer at play. 

Archimedes was no mere compiler. Nearly all his writings are 
accounts of his own discoveries. It is a sign of the modernity of his 
outlook that the greatest man of the Renaissance, Leonardo da Vinci, 
sought for copies of the works of Archimedes more eagerly than for 
those of any other Greek philosopher. And nearly indeed were his 
writings lost to the world. Apparently at one time the only survival 
was a manuscript, probably of the ninth or tenth century, which 
has long ago disappeared. But fortunately three copies were made, 
and are extant; and from these the printed editions have been 
taken. 

Archimedes, the first and greatest of physicists of the modern type 
in the ancient world, who helped with his engines of war to keep the 
Romans at bay for three years, was killed by a soldier after the 
storming of Syracuse in the year 212. His tomb was discovered and 
piously restored in 75 b.c. by Cicero, who was then Quaestor in 
Sicily. 

In the fourth century before Christ, geographical discovery made 
considerable progress. Hanno passed the Pillars of Hercules, and 
sailed down the west coast of Africa; Pytheas voyaged round Britain 
towards the polar seas, and also correlated the lunar phases with the 
tides ; Alexander marched to India. It was known that the Earth was 
a sphere, and some idea of its true size began to be formed. This 
growth in knowledge was not favourable to the ideas of the counter- 
earth or central fire imagined by Philolaus, and those parts of 
Pythagorean astronomy were thenceforward discredited. But the 
knowledge gained of the variations with latitude in the length of day 
and night led Ecphantus, one of the latest of the Pythagoreans, to the 
simpler conception of the revolution of the Earth on its own axis at 
the centre of space. This was also taught about 350 by Heraclides of 
Pontus, who held that, while the Sun and major planets revolve 
round the Earth, Venus and Mercury revolve round the Sun as it 
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A much bolder step was taken by Aristarchus of Samos (c. 310- 
230 B.c.),‘ an older contemporary of Archimedes, who, in his extant 
work On the Sizes and Distances of the Sun and Moon^ applies some very 
capable geometry to that problem. By considering firstly the 
phenomena to be observed at an eclipse of the Moon, and secondly 
those seen when the Moon is half full, he arrived at the conclusion 
that the ratio of the diameter of the Sun to that of the Earth must be 
greater than 19:3 and less than 43:6, i.e. about 7:1. This figure is of 
course much too small, but the principle of his investigation is sound, 
and the realization that the Sun is larger than the Earth was in itself 
a remarkable achievement. 

According to Archimedes, Aristarchus also put forward the hypo- 
thesis “that the fixed stars and the sun remain unmoved, that the 
earth revolves round the sun on the circumference of a circle, the sun 
lying at the centre of the orbit This theory of Aristarchus is mentioned 
by Plutarch also. To explain the apparent immobility of the fixed 
stars in face of the movement of the Earth, Aristarchus rightly con- 
cluded that their distances are enormous compared with the diameter 
of the Earth’s orbit. 

The heliocentric view of the Cosmos was too far in advance of the 
time to receive general assent. According to Plutarch, the belief was 
held confidently in the second century b.c. by Selcucus the Baby- 
lonian, who strove to find new proofs and defended it vigorously. 
But the rest of mankind, including even the philosophers, still con- 
sidered the centre of the Universe to be the Earth, whether they 
regarded it as a floating ball round which the heavens revolved, or 
as the fixed stable, bottomless solid it seemed to the senses. 

The pressure of common-sense, reinforced by the balance of 
authority, was too great for the revolutionary views of Aristarchus. 
About 370-360 B.c. Eudoxus of Cnidos, as we have seen, had ex- 
plained the apparent motion of the Sun, Moon and planets by 
imagining them carried round in crystal spheres all concentric with 
the Earth. This conception proved to be the basis on which it was 
possible for later astronomers to elaborate the geocentric theory. 
About 130B.C., Hipparchus developed it into a form which, ex- 
pounded by Ptolemy of Alexandria about a.d. i 27-151, held the 
field till the sixteenth centuiy of our era. 

Hipparchus was born at Nicaea in Bithynia, and worked in Rhodes 
and then in Alexandria from 160 to 127 b.c. Only fragments of his 

* Sir T. L. Heath, Aristarchus of Samos, the Ancient Copernicus^ a History of Greek astronomy to 
Aristarchus, Greek text and translation, Oxford, 1913. 
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writings remain, but his work was fully set forth by Ptolemy. He 
made use of the older Greek and Babylonian records; he invented 
many astronomical instruments, and made therewith many accurate 
observations, being the first of the Greeks to divide the circle of such 
instruments into 360 degrees in the Babylonian manner. ^ He is usually 
considered to have discovered the precession of the equinoxes, though 
a claim to priority for Kidenas the Babylonian has been put forward 
by Schnabel,^ and it is certain that Hipparchus knew Kidenas’ work. 
Hipparchus estimated the precession at 36 seconds of arc a year, the 
real value being about 50 seconds. He calculated the distance of the 
Moon to be 33-I times the diameter of the Earth, and its diameter to 
be I that of the Earth, the true figures being 30-2 and 0-27. He 
invented both plane and spherical trigonometry, and showed how to 
fix the position of places on the Earth by measuring their latitude and 
longitude. 

The cosmogony of Hipparchus, though erroneous in its main under- 
lying assumption, and therefore complicated in its details, was 
successful in representing the facts. Accepting the Earth as centre, 
Hipparchus showed that the apparent motions of the Sun, Moon and 
planets could be explained by supposing that each body was carried 
round in an orbit or epicycle, while this orbit was itself carried as 
a whole round the Earth in an immensely larger circular orbit or 
cycle. From direct observation, the positions and dimensions of these 
cycles and epicycles could be determined. Tables were then drawn 
up, from which the position of the Sun, Moon and planets at any 
future time could be predicted, and solar and lunar eclipses could be 
foretold with a considerable degree of accuracy. 

The great difficulty which faced astronomers from the days of 
Aristotle till Galileo discovered the principle of inertia, was that of 
explaining the continued motion of the heavenly bodies. According 
to Aristotle’s view, which replaced that of Plato, continued motion 
needed a continual moving force; Aristotle therefore postulated an 
Unmoved Mover, and the more mechanically minded found it 
necessary to suppose the skies filled with crystal spheres, which carried 
round the heavenly bodies in their cycles and epicycles. 

It is easy to disparage this astronomy in the light of modern know- 
ledge, but the fact remains that, complicated as the theory became, it 
served for many centuries to interpret successfully the phenomena of 
the heavens, and guided the labours of many competent astronomers 

' For astronomical instruments, see Whewcll, loc. cit. vol. i, p. 198. 

2 Tarn, loc. cit. p. 241. 
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from Ptolemy to Tycho Brahe. The credit for its chief development 
must be assigned to Hipparchus. Unfortunately the geocentric 
theory, which the weight of his great name upheld, conduced to 
the follies of astrology. As long as the Earth was the centre, and 
the Sun and stars in their courses circled round it, such beliefs were 
inevitable. 

There is a legend of a glass on the Pharos which enabled those who 
watched to see ships beyond the normal range of vision. Cornford 
suggests that, if this be true, and if some Greek philosopher, over- 
coming his prejudice against mechanic crafts, had made a telescope, 
Aristarchus might have been justified, and the course of scientific 
history changed. ! 

By the end of the fourth or the beginning of the third cenfijuiy 
before Christ the intellectual centre of the world had moved from 
Athens to Alexandria, the city founded in 332 by Alexander the 
Great. One of Alexander’s generals, Ptolemy (not the astronomef), 
founded there a Greek dynasty which became extinct on the death 
of Cleopatra in the year 30 b.c. Among those who made the schools 
of Alexandria illustrious in the reign of the first Ptolemy, 323 to 285, 
were the geometer Euclid and Herophilus the anatomist and physician. 

In the Greek civilization of Alexandria a new and more modern 
spirit appears, as in other Hellenistic lands. Instead of the complete 
intellectual systems in which the Athenian philosophers were pre- 
eminent, the men of Alexandria, following the lead of Aristarchus of 
Samos and Archimedes of Syracuse, undertook limited and special 
enquiries, and therefore made more definite scientific progress. 

About the middle of the third century, the famous Museum, or 
place dedicated to the Muses, was founded at Alexandria. The four 
departments of literature, mathematics, astronomy and medicine were 
in the nature of research institutes as well as schools, and the needs 
of them all were served by the largest library of the ancient world, 
containing some 400,000 volumes or rolls. One section of the library 
was destroyed by. the Christian Bishop Theophilus about a.d. 390, 
and, after the Muslim conquest in the year 640, the Muhammadans, 
whether accidentally or deliberately is uncertain, destroyed what the 
Christians left. But for some centuries the Library of Alexandria was 
one of the wonders of the world, and its destruction was one of the 
greatest intellectual catastrophes in history. 

We have already considered the work of Euclid under the head of 
deductive geometry. He systematized the writings of older geometers 
and added many new theorems of his own, He also studied optics, 
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realized that light travels in straight lines, and discovered the laws 
of reflection. 

The Alexandrian school of medicine was established chiefly by the 
work of two men, Herophilus and Erasistratus. The former, born at 
Chalcedon, flourished at Alexandria under Ptolemy I. He was the 
earliest distinguished human anatomist, and the greatest physician 
since the days of Hippocrates. His medicine was empirical and almost 
free from theoretical preconceptions. He gave a good description of 
the brain, of the nerves and of the eye, of the liver and other internal 
organs, of the arteries and veins ; and he held that the seat’ of in- 
telligence is the brain, and not the heart as maintained by Aristotle. 

Erasistratus, a younger contemporary of Herophilus, practised 
human dissections and made experiments on animals. He was keenly 
interested in physiology, and was the first to treat it as a separate 
subject. He added to the knowledge of the brain, of the nerves and 
of the circulatory system, holding that there are in the body and the 
brain special vessels for the blood and for the spirit {irvediia J^wtikov) 
which he identified with air. Taking over from Epicurus the tenets of 
the atomic theory, Erasistratus was opposed to medical mysticism, 
though he believed in nature acting as an external power, framing 
the human body for the ends it is to serve. Herophilus, Erasistratus 
and a third anatomist, Eudemus, made their century remarkable in 
the history of medicine. 

In the latter part of the third century b.c., another group of great 
men appears, younger contemporaries of Archimedes. Among them 
was Eratosthenes, born at Gyrene about 273 and died at Alexandria 
about 192. He was Librarian of the Museum, and the first great 
physical geographer. He held the Earth to be spheroidal and calculated 
its dimensions by estimating the latitudes and distances apart of 
Syene and Meroe, two places on nearly the same meridian. His 
result was 252,000 stades, equal to about 24,000 miles. He reckoned 
the distance of the Sun as 92 milHon miles. These are surprisingly 
close approximations to the modern estimates of 24,800 and 93 million 
miles respectively. Eratosthenes argued from the similarity of the 
tides in the Indian and Atlantic Oceans that those oceans must be 
connected and the world of Europe-Asia-Africa an island, so that it 
should be possible to sail from Spain to India round the south of 
Africa. It was probably he who conjectured that the Atlantic might 
be divided by land running from north to south and inspired Seneca’s 
prophecy of the discovery of a new world. Posidonius later rejected 
this idea, and, underestimating the size of the Earth, said that a man 
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sailing west for yojooo stades would come to India. This statement 
gave Columbus confidence. 

A striking advance in mathematics was made at Alexandria in the 
latter half of the second century b.c. by Apollonius of Perga, who 
collected the knowledge of conic sections due to Euclid and his pre- 
decessors, and carried the subject much further by his own work. 
Apollonius showed that all conics could be considered as sections of 
one cone ; he introduced the names parabola, ellipse and hyperbola ; 
he treated the two branches of the hyperbola as a single curvT, and 
thus rhade clear the analogies between the three kinds of section. He 
obtained a solution of the general equation of the second degree j by 
means of conics, and determined the evolute of any conic. His treat- 
ment of the whole subject is purely geometrical. \ 

In the second century at Alexandria we meet again with Hippar- 
chus, whose great work in astronomy has already been described. By 
this time Alexandria was losing its supremacy in Greek learning, 
which later was shared with Rome and Pergamos. Of uncertain date, 
somewhere between the first century b.c. and the third a.d., is Piero 
6 iirjxavLKos) , mathematician, physicist and inventor. He found 
algebraic solutions of equations of the first and second degree, and 
worked out many formulae for the mensuration of areas and volumes. 
He pointed out that the line of a reflected ray of light is the shortest 
possible path.^ But he is chiefly remembered for his mec hanical con- 
trivances, such as siphons, a thermoscojic, the forcing air pump, and 
the earliest steam engine, in which the recoil of steam issuing from 
a jet is used to make an arm carrying the jet revolve about an axis, 
a forerunner of the jet-propelled aeroplane. 

The chief name which distinguishes later Graeco-Roman Alex- 
andrian science is that of the astronomer Claudius Ptolemy, ^ who 
must not be confused with the kings of Egypt of the same name. He 
taught and made observations at Alexandria between the years 
A.D. 127 and 1 5 1 . His great work, fieydXrj auvra^L^ rrjs aarpovoyiLa^ ^ later 
called by its contraeted Arabic name of Almagest, is an encyclopaedia 
of astronomy, which was based on and expounded the work of 
Hipparchus, and remained the standard treatise till the days of 
Copernicus and Kepler. In spite of greater fulness of treatment, and 
new observations, such as a second inequality in the Moon’s motion, 
it does not alter materially the theories elaborated by the earlier 

* G. Sarton, History of Science^ vol. i, 1927, p. 208; /rw, No. 16, 1924. 

2 G. J. Allman^ Sir E. H. Bunbury and C^. R. Beazley, art. “Ptolemy”, in Encyclopaedia 
Britannka. 
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astronomer, and the only new instrument described seems to be a 
mural quadrant. Ptolemy, like his master, improved and developed 
the science of trigonometry, with the view of basing his work “on the 
incontrovertible ways of arithmetic and geometry”. He reasserted 
the principle that, in explaining phenomena, it is right to adopt the 
simplest hypothesis that will co-ordinate the facts, a principle which 
eventually became the chief weapon of those who disproved the 
geocentric theory which Ptolemy had consummated. 

Ptolemy was a geographer as well as an astronomer, ^ and he 
exercised an influence in this department of knowledge which was 
only gradually superseded by the maritime discoveries of the fifteenth 
and sixteenth centuries. It is difficult to assign the merit of much of 
the work to the respective shares of Ptolemy himself and his immediate 
forerunner, Marinus of Tyre, whose writings have not separately 
survived. Ptolemy undoubtedly placed geography on a secure footing 
by insisting that correct observations of latitude and longitude must 
precede any satisfactory attempts at surveying and map-drawing; 
but his own materials for carrying out such a design were very 
inadequate, for there was then no method by which longitudes could 
be determined with any accuracy. Nevertheless, Ptolemy’s maps retain 
their interest. They were put together from information brought by 
traders and explorers, and depicted a world extending from the 
shores of the Malay Peninsula and the coastline of China to the 
Straits of Gibraltar and the Fortunate Islands, and from Britain, 
Scandinavia and the Russian Steppes to a vague land of lakes at the 
head waters of the Nile. His general treatment of the subject is that 
of an astronomer rather than a geographer, for he makes no attempt 
to describe climate, natural productions or even the aspects which 
would now be included under physical geography; nor does he avail 
himself, to any large extent, of the descriptions and accounts of lands 
within the Roman Empire which must have been accessible in 
military “itineraries”. 

A book on Optics is also assigned to Ptolemy. It is only known in 
a twelfth-century Latin translation from the Arabic, and may or may 
not be his work. It contains a study of refraction including atmo- 
spheric refraction, which is described by Sarton^ as “the most 
remarkable experimental research of antiquity”. The author finds 
that when light passes from one medium to another, the angles of 

^ Sec Reviews in Isis, No. 58, 1933, of editions of Ptolemy’s text and maps by J. Fischer, 
S. J. and E. L. Stevenson. 

* History of Science, vol. i, 1927, p. 274; Isis, No. 16, 1924, p. 79. 
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The School of incidence and refraction are proportional, a relation which is 
4leKandria approximately true for small angles. 

With all this good work in real science, it is curious to find that 
Ptolemy seems to have written a book on astrology. But about this 
time the classical gods had been moved from Olympus to the sky, and 
Jupiter, Saturn, Mars, Mercury and Venus continued as planets to 
rule the destinies of men. Natural Astrologers (i.e. astronomers) 
observed the sky and made astronomical records, and Judicial 
Astrologers cast horoscopes and obtained, from a study of the stars, 
divine guidance in human affairs. Probably his astrology had much 
to do with Ptolemy’s long influence in mediaeval Europe, and, indeed, 
in an unscientific epoch, it was impossible to tell, save by the memod 
of trial, that the stars did not influence the history of mankind. \ 

The Origins Among the practical and intellectual activities of Hellenistic A!ex- 
of Alchemy aiidria we can trace the origins of alchemy. The earliest Greek 
alchemist probably lived in the first century of our era, but the oldest 
works on alchemy known to us are those of the so-called pseudo- 
Democritus of uncertain date, and of Zosimos, who flourished in 
Upper Egypt in the third or fourth century a.d. There are also 
writings, probably of the third century, assigned to '‘Hermes Tris- 
megistos”, the Greek equivalent of the Egyptian god Thoth. They 
are chiefly concerned with Platonic and Stoic philosophy, but they 
also contain much astrology as well as alchemy, and were afterwards 
well known in Latin translations. 

In order to understand the beginnings of alchemy we must realize 
both the state of the arts and the philosophic atmosphere of Alex- 
andria.^ In the preceding centuries there had arisen in all Medi- 
terranean countries an industry, derived from early chemical processes, 
which supplied imitations of things too expensive for the people. 
Imitation pearls, cheap dyes which matched the costly Tyrian purple, 
alloys which looked like silver and gold, all became articles of 
commerce. 

Alchemy, from an early date, was linked with other prevailing 
realms of thought, and particularly with astrology. The Sun, which 
vivifies all nature, generates gold, his image or antitype, in the body 
of the Earth. The white Moon represents silver, Venus copper, 
Mercury quicksilver, Mars iron, Jupiter tin, and Saturn, farthest and 
therefore coldest of the five planets, the heavy and dull metal lead. 

Platonic philosophy, as set forth in the Timaeus, gave a complete 
monist idealism, and emphasized the theory that matter, an essentially 
' A. J. Hopkins, in /jw, No. 21, 1925, p. 58. 
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unimportant though necessary element in the sentient world, was 
fundamentally of one kind. Nothing really exists except in so far as 
it embodies an ideal, and is therefore good; all nature is living, and 
(a later Gnostic development) is striving towards improvement. 
Matter itself, the alchemists believed, is unimportant, but its qualities 
arc real. Men’s bodies arc all of the same stuff, and men are made 
good or bad by changing not their bodies but their souls. So metals 
can be changed by changing their qualities, as, they said, artisans 
know well; indeed, the qualities are the metals. Metals are striving 
for improvement towards the ideal fire-proof spirit of gold, hence it 
should be easy to help them on the road. It was known that the 
mordant salts used in dyeing would etch metals, so that, if a small 
quantity of gold be added to a base metal, the alloy can be etched 
to leave a golden surface. Thus, they thought, the higher metal, 
acting as a ferment or yeast, overcomes the baseness of the mass, 
changing it into the spiritual quality of gold. 

The chief property of the noble metals is their colour — the white 
of silver, the yellow of gold. Copper can be turned yellow by chemical 
treatment, and thus be transmuted into gold. This they thought was 
done either by removing the base earth, and with it the tendency to 
tarnish, or by increasing the better elements, air and fire, through an 
improvement in their fire quality or colour. When dead matter has 
received the colour spirit, it becomes alive, as a man receives a soul. 

Ill practical alchemy, four steps were usuidly indicated, (i) Tin, 
lead, copper and iron were fused together into a black alloy in which 
each had lost its individuality and mingled in the “oneness of Plato s 
first matter. (2) Mercury, arsenic or antimony was added, to whiten 
the copper, and thus simulate silver. (3) A “ferment of a little gold 
was then given, and the white alloy treated with sulphur water 
(i.c, calcium sulphide) or mordant salts. Thus the alloy acquired the 
colour of gold — indeed, to the Alexandrian alchemist, it became gold. 
To him the essence of matter was not, as it is to us, its mass and 
specific physical properties and chemical reactions, but the Aristotelian 
qualities such as colour, readily changeable. Thus, il a metal was 
given yellow colour and sheen, the essential qualities of gold, it 
became gold. Unlike some of his successors, the Alexandrian alchemist 
was neither a fool nor a charlatan; he was experimenting in con- 
formity with the best philosophy of his age; it was the philosophy that 
was at fault. 

Alchemy flourished in Alexandria for about three centuries. 
Then it ceased, according to one account, by order ol the Emperor 
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The Origins Diocletian, who in a.d. 292 commanded all books on the subject to be 

of Alchemy destroyed. When alchemy revived elsewhere, first among the Arabs 
and then in Europe, the philosophy under which it had arisen had 
become modified, and later writers understood neither the termi- 
nology nor the spirit of the Alexandrians. They tried to make gold by 
the old recipes, not knowing that the meaning of the words ‘‘gold” 
and “transmutation” had meanwhile changed with the philosophy. 
For the most part they hid their failure in a flood of mystical verbosity 
till the true science of chemistry began to emerge from their debased 
alchemy. 

Astrology and alchemy have an underlying basis of observationj of 
nature, and rational, though mostly erroneous, thought; hence they 
played a real and respectable part in the early development \of 
astronomy and chemistry. On the other hand, except among 
primitive peoples, magic is never respectable, and the only reality in 
it is its psychological influence on human credulity and desire foi: 
immediate and irresponsible power. Though magic had something to 
do with the origins of science, its spirit is definitely opposed to that of 
science, which shows always a slow, cautious and humble-minded 
search for truth. In the Hellenistic age the growth of magical super- 
stitions coincides with a decline in ancient science, and in later 
times science was reborn, not because of, but in spite of, man’s belief 
in magical arts.^ 

The Roman In the ancient world original scientific thought was almost entirely 
confined to the Greeks. It would naturally seem probable that the 
composition of the population of Italy must have been similar in 
character to that of Greece. But the inhabitants of the two countries 
showed considerable differences in development and achievement,- 
thus suggesting a difference in race. The Romans, with their exalta- 
tion of the State, and their exceptional aptitude as soldiers, admini- 
strators and framers of law, had little creative intellectual force, 
though the numerous compilations that came into being seem to 
indicate a considdtable curiosity about natural objects. Their art, 
their science, even their medicine, were borrowed from the Greeks ; 
and, when Rome became mistress of the world, Greek philosophers 
and Greek physicians resorted to the banks of the Tiber, though they 
established no native schools of philosophy worthy to succeed those 
of Athens. The Romans seem to have cared for science only as a means 
of accomplishing practical work in medicine, agriculture, architecture 

^ Lynn Thorndike, A History of Magic and Experimental Science^ 2 vols. New York, 1923- 
But sec a review by G. Sarton, in Zrtr, No. 16, 1934, p. 74. 
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or engineering. They used the stream of knowledge without re- The 
plenishing its source — ^the fount of learning loved for its own sake — 
and in a few generations the source, and with it the stream, ran dry. 

The opposition felt by conservative Romans to the coming 
supremacy of Greek thought is shown in the book of Cato the Censor 
(234-149 B.G.), grandfather of another, more famous Cato. The elder 
Cato wrote in his old age the first Latin treatise on agriculture, which 
incidentally gives us information concerning Roman medicine. About 
the same time Diogenes the Babylonian brought to Rome the philo- 
sophy of Stoicism, a system which, reinforced later by elements of 
Platonism in the teaching of Posidonius, became the characteristic 
Roman philosophy for three hundred years and is seen in its highest 
form in the writings of the Emperor Marcus Aurelius. Posidonius is 
also to be remembered as a traveller, astronomer, geographer and 
anthropologist. He explained the tides by the joint action of the Sun 
and Moon, indeed the influence of the heavens on earthly affairs 
seems to have been the essence of his philosophy. He set Zeus above 
Fate, and his outlook was religious, but he believed in divination and 
astrology, and did more to spread such ideas in Europe than perhaps 
any other man. He wrote a commentary on Plato’s Timaeus^ and his 
science, like that of Plato, was deduced from, and made subservient 
to, his philosophy. 

Two generations later, by the first century before Christ, the 
Romans had conquered the world, and Greek learning had con- 
quered the Romans. Much was done to create a philosophical 
language in Latin and to popularize Greek philosophy by Marcus 
Tullius Cicero (106-43 Roman lawyer and statesman. He 

wrote a cosmological work, de Natura Deorum^ which contains informa- 
tion about the scientific knowledge of the time. He also put forward 
a teleological theory of the human body, and made many effective 
attacks on superstitious beliefs and magic rites. , 

Greek scientific philosophy in the form of atomism was expounded 
and applauded in the poem de Rerum Natura of Titus Lucretius Carus 
(98-55 B.c.).' This poem, like some of Cicero’s prose, aims at the 
overthrow of superstition and the exaltation of reason in the atomic 
and mechanical philosophy. In one respect Lucretius with Epicurus 
is less modern than Leucippus and Democritus, for his primordial 
atoms, instead of moving in all directions, fall together by their own 

* H. A. J. Munro, Lucretius^ Text, Nota and Translation, 3 vob. 4th ed. London, 1905- 
1910. See also references for Democritus, p. 21 above. E. N. da C. Andrade, The Scientific 
Significance of Lucretius, introduction to Munro’s Lucretius, 4th cd. 1928. 



SCIENCE IN THE ANCIENT WORLD 


54 

The Roman weight with equal speed through an infinite void. Lucretius’ poem 
contains no new thought, but, using the ideas of the Greek atomists, 
proclaims in magnificent language how the principle of causation 
holds sway over all things, from the invisible evaporation of water to 
the majestic motion of the heavens bounded by the shining walls of 
the XimY^Y^^—Jlammantia moenia mundi. 

The greatest figureof thecentury, Gains Julius Caesar (100-44 b.c.), 
is of chief interest to us because of his establishment, with the technic^ 
help of Sosigenes, of the reformed Julian calendar, in which the year 
is taken as being 365^ days. This estimate is a little too large, and led 
slowly to a discrepancy in dates and seasons. But the calcnd|ar 
remained in general force in Europe till in 1582 its error amounts 
to ten days. It was then corrected by order of Pope Gregory XIII. 
In Scotland the change was made in 1600, but in England not till 
1 752. Caesar also planned a survey of the Roman Empire, which waS\ 
executed later by Agrippa and set forth in a great map of the world. 

About the year a.d. 20 a comprehensive work on geography was 
written in Greek by Strabo of Amasia in Pontus, a work which throws 
light on other contemporary sciences. The Roman conquests were, of 
course, increasing the knowledge of the Earth’s surface, and itineraries 
describing the roads of the Empire began to be composed. 

A treatise on architecture, containing a full account of allied 
physical and technical knowledge, was written by Vitruvius, who 
understood that sound was a vibration of the air, and gave the first 
known account of architectural acoustics. 

Useful observations on hydrodynamics were made by Sextus Julius 
Frontinus (a.d. 40-103), a Roman soldier and engineer, who was 
Superintendent of the Aqueducts of Rome [curator aquarum)} Frontinus 
wrote on the water supply of the city, and found from experiment 
that when water flows from an orifice the rate of flow depends not 
only on the size of the orifice, but also on its depth below the surface. 

Virgil (c. 30 B.c.) described in the Georgies the pqctry as well as the 
art of agriculture, and another book on farming was written by Varro, 
which contains observations on the growth of plants, and suggests the 
idea that the contagion of disease is due to invisible micro-organisms. 

The first official school of Greek medicine was founded in Rome 
about the year a.d. 14 under Augustus. The best physician of the age 
was Celsus who in the reign of Tiberius wrote in Latin a great 
treatise on medicine and surgery, which is the chief source of our 

• Art. “Hydromechanics”, in Eno. Brit. 9th ed.; G. Sarton, Introduction to the History of 
Science^ voL i, p. 255. ^ 
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knowledge of the history of the medicine of Alexandria as well as that The Roman 
of Rome in his own day. Celsus describes many surprisingly modern 
surgical operations and in medicine holds a middle course between 
the empirical and methodological schools of antiquity, believing in 
both theory and observation. His work was lost throughout jhe 
mediaeval period, but it was recovered in time to influence the 
medicine of the Renaissance. 

About the middle of the first century of our era Dioscorides, 
botanist and military physician, wrote a treatise on botany and 
pharmacy, which gives an account of some six hundred plants and 
their medical properties.^ 

In the second half of the century a certain revival of learning 
appears. In especial one Roman citizen, the elder Pliny (a.d. 23-79), 
is to be remembered for having, produced in the thirty-seven books 
of his Naturalis Historia an encyclopaedia of the whole science of the 
period, and of the knowledge and beliefs of a series of forgotten writers 
of Greece and Rome,^ Starting from a general theory of the Universe 
as consisting of the sky and the stars in space, which he regarded as 
a manifestation of the Deity, he passed on to review the earth and its 
contents. He dealt successively with geography, with man and his 
mental and physical qualities, with animals, birds, trees, agricultural 
operations, forestry, fruit-growing, wine-making, the nature and uses 
of metals, and the origin and practice of the fine arts. He discourses 
with equal satisfaction on the natural history of the lion, the unicorn 
and the phoenix, unable to distinguish between the real and the 
imaginary, the true, the credible and the impossible. He preserves 
for us the superstitions of the time, and recounts in all good faith the 
practice and utility of various forms of magic. But, to his credit, it 
must be remembered that he died a victim to his curiosity in natural 
knowledge. He was in command of the Roman fleet at the time of 
the great eruption of Vesuvius, which destroyed Pompeii and Her- 
culaneum. He landed in order to watch the upheaval, ventured too 
far, and was overwhelmed by the storm of falling ashes. 

Much of our knowledge of Greek philosophers, and indeed of 
Greek philosophy, is derived from the information preserved in the 
Lives of the Philosophers, written some two hundred years later by 
Diogenes Laertius, but information has also been obtained from the 

' G. Sarion, loc. cit. p. 25O; Eng. trans. Goodyear (1655) ; R. T. Gunther, Oxford, 1934; 

Isis, No. 65, 1935, p. 261. 

== Text ed. by L. von Jan and K. Mayhoff, 5 vols. Leipzig, 1906-1909; Eng. trans. 

J. Bostock and H. T. Riley, 6 vols. London, 1885-1887; H. N. Wethered, The Mind of the 
Ancient World, London, 1937; E. W. Gudger, Isis, vi, 269. 
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The Roman works of Plutarch (c. a.d. 50-125).* He himself wrote on the con- 
stitution of the Moon and gave an account of Roman mythology, 2 
in which appears the idea of a comparative study of religions. Two 
other contemporary historians must be mentioned, Josephus (c. 37- 
i2p), who wrote a record of the Jews, and Tacitus (55-120), our 
great Latin authority for the political and social history of early 
Britain and Germany. 

In the next generation, while Ptolemy the astronomer was working 
at Alexandria, Greek medicine flourished there and at Rome, as well 
as in other schools which by this time had been established. From the 
doctors who worked in them we can trace a line of intellectual descent 
to Aretaeus of Cappadocia, and his more famous contemporary Galen 
(Galenus), after Hippocrates the most renowned physician of tpe 
ancient world. 

Galen was born at Pergamos in Asia Minor in a.d. i 29, and practise^ 
at Rome and elsewhere till about the year 200.^ He systematized 
Greek anatomical and medical knowledge, and united the divided 
schools of medicine. He dissected animals and a few human bodies, 
and discovered many new facts in anatomy and physiology, pathology 
and therapeutics. He made experiments on living animals; in this 
way he examined the action of the heart and made an investigation 
of the spinal cord which Sarton classes as one of the two most notable 
experiments of ancient times.** In philosophy he held that all was 
determined by God, and the structure of the body formed by Him 
for an intelligible end. Galen’s system of medicine, in opposition to 
the mechanistic views of the atomists and their followers, was 
founded on the idea of spirits of different kinds pervading all parts 
of the body. Galen’s wcu/ia was translated into Latin as 

spiritus animalis and thus became our familiar “animal spirits” the 
meaning of which is perhaps sometimes misunderstood. It was for 
dogmas deduced with great dialectic subtlety from these views, and 
the authority with which he expounded them, rather than for his 
really great observations and experiments, or his practical skill in his 
profession, that Galen became famous, and influenced medicine for 
fifteen hundred years. His theistic attitude of mind appealed both to 
Christendom and to Islam, and partly explains his great and lasting 
influence. 

His general theory of the bodily functions held its ground till 

’ Text with Eng. trans. by B. Perrin, 6 vols. London, 1914-1918. 

2 The Roman Questiom^ Eng. trans. and notes by H. J. Rose, Oxford, 1924. 

^ G. Sarton, loc. cit, p. 301; Sir T. C. Allbutt, Greek Medicine in Hornet London, 1921. 

^ Isisy No. 16, 1924, p. 79. 
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Harvey discovered the circulation of the blood. Galen taught that 
the blood is formed in the liver from the food and then mixed with 
“natural spirits” which give it nutritive propertied. Some of this 
blood passes to the body through the veins and back by the same 
channels to the heart in a tidal ebb and flow. The rest of it goes from 
the right side of the heart to the left through invisible pores in the 
septum, and is there mixed with air drawn from the lungs. By the 
heat of the heart it is laden with “vital spirits”; this higher kind of 
blood ebbs and flows into the parts of the body through the arteries, 
and thus enables the various organs to perform their vital functions. 
In the brain the vital blood generates “animal spirits”, which, pure 
and unmixed with blood, pass along the nerves to bring about 
movement and the higher functions of the body.^ 

This scheme of physiology, wonderfully ingenious and successful 
considering Galen’s knowledge, is of course very far from the truth. 
Unfortunately Galen’s doctrine became more important in men’s eyes 
than Galen’s own free spirit of enquiry, and his authority blocked the 
road of physiology after the Renaissance till Harvey had the courage 
to ignore it. 

The Romans may have achieved little in theoretic science but in 
practice they were notable. Sanitation and public health were well 
organized in Rome. Mighty aqueducts brought fresh water to the 
city, a public medical service was established, hospitals built, and the 
armies equipped with medical officers. 

The schools of medicine continued, but from the time of Galen, or 
even earlier, general science and philosophy in the ancient world 
show clear signs of their final eclipse. With the exception of Dio- 
phantus of Alexandria, who lived in the second half of the third 
century after Christ, and was the greatest Greek writer on algebra, 
there is no other man of the first rank. Before his day algebraic 
problems were treated either by geometry or by reasoning in words,*^ 
but he introduced abbreviations for those quantities and operations 
which continually recur, and was thus enabled to solve simple 
equations and a binomial quadratic. He dealt also with indeter- 
minate expressions where the number of unknown quantities is 
greater than the number of equations. 

This work marks the beginning of algebra as a separate subject, but 
after Diophantus no serious contribution to scientific knowledge was 


• Sir Michael Foster, History ofPhystolo^ Cambridge 1901, p. 12. 

2 Sir Thomas L. Heath, Diophantus of Alexandria, a Study in the History of Greek Algebra, 
2nd ed. Cambridge, 1910; Paul Tannery, papers in his Memoirs, 1879-1892; W. W. Rouse 
Ball, History of Mathematics, London, 1901, p. 107. 
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The Decline made by the ancient world. Although the first three centuries of the 

of Teaming marked the culmination of the great achievement of Roman 

Law, it is obvious that, even before the decay of Rome as a political 
power, science had come almost to a standstill, in common with other 
forms of philosophic thought. No advance in knowledge was being 
made, and the only activity was that shown in the writing of com- 
pendiums and commentaries, chiefly on the Greek philosophers. 
Among the commentators we must mention Alexander of Aphro- 
disias, head of the Lyceum about the year a . d . 200, who strove to 
preserve the pure Peripatetic doctrine. Aristotle was still regarded . as 
the great authority on all questions of scientific theory and evenlof 
actual fact, though the prevailing metaphysical philosophy, at ai^y 
rate in the then predominant school of Alexandria, was derived from 
Plato, through the more mystical Neo-Platonic school, of w^hich 
Alexandria was the centre. About the beginning of the fourth century 
a Latin commentary on Plato’s Timaeus was written by Chalcidius. 
This became almost the only source of mediaeval knowledge of Plato, 
and, during the centuries when the works of Aristotle were forgotten, 
it gave to the Middle Ages a philosophy of nature from which many 
of their fantastic ideas were derived. 

As we have seen, the scientific work of the Alexandrian school was 
carried on, almost entirely, by men of Greek descent. But other 
elements in the population began gradually to play their part, 
especially in the more metaphysical branches of philosophy. Among 
these non-Greek elements one of the most important was supplied by 
the Jews. At Alexandria a school of thought arose, influenced on the 
one hand by Hellenistic culture, and on the other by Jewish and 
Babylonian tradition. It must be remembered that but a small and 
relatively unimportant number of the Jews returned to Palestine at 
the end of the Babylonian captivity, while many of the remainder 
established themselves as traders in the cities of Asia Minor and the 
Levant, and formed a network of communication, commercial, 
political and intellectual, throughout the East. Alexandria became the 
commercial and intellectual, while Jerusalem remained the religious 
centre of this scattered community, and for this reason Alexandria 
was the first important meeting-ground between Greek philosophy 
and Oriental religions, especially Judaism and Christianity. Many 
of the early Greek Fathers of the Christian Church lived at Alex- 
andria or drew their philosophy therefrom. It was by their means 
that much Greek philosophy retained its vitality and took its place 
in that synthesis of Jewish, Greek and Christian thought which went 
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to the composition of Patristic theology. The ideas of Plato, and to 
a lesser degree those of Aristotle, thus passed into early Christian 
theology, and became current in mediaeval Europe long before their 
origin was suspected by the Churchmen, who, when Greek authors 
were afterwards rediscovered, were amazed to find the prototypes of 
familiar Christian doctrines embedded in the works of heathen 
philosophers. 

Though the early Fathers lived during the period under con- 
sideration, and though their writings form a connecting link between 
mediaeval religion and the more metaphysical elements in classical 
philosophy, it will be better to postpone till the next chapter the short 
but necessary account of their work and its influence on scientific 
thought, for they have little to do with the mathematical or observa- 
tional science of the ancient world. 
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THE MIDDLE AGES 

The Middle Ages — ^The Fathers of the Church — The Dark Ages — The Recon- 
struction of Europe — ^The Arabian School of Learning — The Revival of Learning 
in Europe — The Thirteenth Century — ^Thomas Aquinas — Roger Bacon — The 
Decay of Scholasticism. 

Middle Until recent times the term “Middle Ages” was applied to the 
whole long interval of a thousand years between the fall of the ancipnt 
civilization and the rise of the Italian Renaissance. But the reviyal 
of interest in the history, art and religion of the thirteenth and four- 
teenth centuries has led to a clear recognition of the fact that by then 
a new civilization had arisen, and there is now a growing tendency 
to restrict the name “mediaeval” to the four hundred years between 
the “Dark Ages” and the Renaissance. 

Nevertheless, to the historian of science there are advantages in the 
older classification. The “Dark Ages” of Western Europe coincided 
with the beginning of a remarkable growth of learning in those 
Asiatic countries which were soon afterwards conquered by the Arabs. 
The Persian and Arabic school originally based its teaching on trans- 
lations from Greek authors, but at a later time it added appreciable 
contributions of its own to natural knowledge. Europe gained much 
from the Arabs, whose learning was in its prime from 800 to i too a.d. 
But afterwards science became chiefly a European activity, and the 
thirteenth century showed a real intellectual advance, helped by the 
recovery of complete Greek texts, especially those of Aristotle. But 
it was not till the period of the Renaissance that the western world 
began to examine Greek philosophy critically, and endeavour to 
find its own way in the new experimental method. Thus the period 
from the year noo onward, like the dark age that preceded it, is to 
the historian of science but a time of preparation. The two divisions 
are part of the same whole, <md may well be treated together, though 
for the historian of politics, literature or art they are distinct and 
separable. To us, then, the Middle Ages have their old significance — 
the thousand years that passed between the fall of the ancient learning 

* For a general account of mediaeval thought sec (i) H. F. Stewart, “Thought and 
Ideas", in Cambridge Mediaeval Historyj vol. i, ch. 20; (2) H. O. Taylor, The Mediaeval 
Mindj 2 vols., New York and London, 191 1 and 1914. For facts and references down to the 
year A.D. 1300 see G. Sarton, Introduciion to the History of Science, vols. i, n, Baltimore, 1927, 
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and the rise of that of the Renaissance : the dark valley across which 
mankind, after descending from the heights of Greek thought and 
Roman dominion, had to struggle towards the upward slopes of 
modern knowledge. In religion, and in social and political structure, 
we are still akin to the Middle Ages from which we have so recently 
emerged; but in science we are nearer to the ancient world. As we 
look back across the mist-filled hollow, we see the hills behind more 
clearly than the nearer intervening ground. 

In order to appreciate the causes which produced the great failure 
of Europe to increase the stores of natural knowledge in the Middle 
Ages, it is necessary to trace the development of the mediaeval mind. 
We must first realize the general outlines of the theology of Christian 
faith and ethics framed by the early Fathers in terms of Hebrew 
Scripture, Greek philosophy, the mystery religions and the under- 
lying primitive rites. Next, we must follow the changes in the 
resultant doctrines as they were moulded by each succeeding age into 
instruments of controversy with pagan or heretic. We shall then 
understand why Patristic and early mediaeval Christianity was 
inimical in spirit to secular learning; why philosophy became the 
handmaid of theology, and natural science vanished from the earth. 

The older Greek philosophies were frankly founded on observation 
of the visible world. With Socrates and Plato the enquiry took a 
deeper turn, and moved from questions of phenomena to those of 
underlying reality, from natural to metaphysical philosophy of an 
idealistic and mystical tendency. “The Greek jnind became entranced 
with its own creations.” To Plato, external facts, whether of nature 
or of human life and history, only became real when apprehended by 
the mind. Their true meaning must lie in that aspect of them which 
accords with the mind’s consistent scheme of concepts, for thus alone 
can the facts be thought of, and thus alone can they be. The incon- 
ceivable is in truth the impossible. 

Such a philosophyclearlycouldnotfostcr accurate and unprejudiced 

observation of nature or of history. The structure of the Universe 
had to conform to the ideas of Platonic philosophy; history was in its 
essence a means of vivifying argument or of pointing illustration. 

Aristotle was more interested in the observation of nature than was 
Plato, though even Aristotle’s greatest strength lay in metaphysics 
and logic rather than in science, and as regards the latter in biology 
rather than in physics. He created the subject of logic, and in biology, 
at all events, he showed the true method of detached observation. 
His physics were not objective like those of Democritus, who sought 
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The Fathers .thc ultimate nature of things in atoms and a void. To Aristotle, the 
of the Church concepts by which nature must be interpreted were substance, essence, 
matter, form, quantity, quality — categories developed in an attempt 
to express man’s direct sense-perception of the world in terms of ideas 
natural to his mind. At the beginning of the Dark Ages, the works of 
Aristotle in imperfect form were the most scientific of the Greek 
sources available, but his influence, great though it was, gradually 
ceased to be dominant. By the sixth century his writings had passed 
out of fashion, and for seven hundred years almost all that survived 
were commentaries on his book on Logic. 

The philosophy of the Stoics, best known to some of us in t|ic 
writings of Marcus Aurelius, was especially suited to the Roman mind, 
and must not be overlooked in any estimate of thc different streaniis 
of thought on which the Patristic theologians floated their ark. Fc)(r 
the Stoic, thc central reality was thc human will. Metaphysics anc^ 
a knowledge of the natural world were only of importance when they 
subserved the ends of his philosophy as guides of life and conduct. 
Stoicism was essentially a scheme of ethics, and it diverted physical 
science from truthful observation in order to secure conformity with 
the preconceptions of morals. 

The modes of thought inaugurated by Plato were wafted into even 
more super-rational heights by the Neo-Platonists, whose philosophy 
was the last product of late paganism. From the time of Plotinus thc 
Alexandrian (d. a.d. 270) to Porphyry (d. 300) and lamblichus 
(d. c. 330) philosophy became less and less physical and experimental, 
and more and more concerned with mystical ideas. Plotinus lived in 
a pure region of “metaphysics warmed with occasional ecstasy”, and 
to him the highest good was the super-rational contemplation of thc 
Absolute. In the writings of Porphyry, and still more in those of 
lamblichus, these mystical views were brought down to practical life, 
and their application thereto led to greater credulity in magic and 
sorcery. The soul needs the aid of god, angel, demon; the divine is 
essentially miraculous, and magic is the path to the divine. Thus Neo- 
Platonism countenanced and absorbed every popular superstition, 
every development of sorcery and astrology, and every morbid craving 
for asceticism, of which a decadent age was prodigal. Thc life of 
lamblichus, as told by a Neo-Platonic biographer, is as full of miracle 
as Athanasius’s contemporary life of Saint Anthony. 

This mystical philosophic atmosphere contained currents of eastern 
faiths such as Mithraism and Manichaeism, the latter of which 
enunciated a dualism of the powers of good and evil, destined to 
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reappear again and again. Mithraism, which disputed with Christi- The Fathers 
anity the possession of the Roman Empire, was a Persian example of Church 
the mystery religions, which, as we have said, took the place in 
Hellenic times of the Olympian mythology when that picturesque 
faith decayed towards the end of the classical period. Our knowledge 
of these mystery religions is far from complete.^ Their ritual involved 
secret rites of initiation and communion; their beliefs were expressed 
in sacred legends of the gods peculiar to each cult, legends which were 
accepted by the people literally, and by the educated as symbolical 
of the mystery of life and death. Beneath the rites and legends 
primitive nature-worship appears — sun gods and moon gods and the 
celebration in imagery of the drama of the year : the full life of nature 
in the summer, its death in winter, and its joyous resurrection in each 
new spring. 

Modern anthropology has thrown much additional light on the 
origins of primitive ideas such as those which underlie the mystery 
religions, and of their ritual, which is itself derived from even more 
primitive rites based on the idea that nature can be coerced by 
sympathetic magic and witchcraft.^ Such rites and the more advanced 
ritual which may develop from them are prior to and much more 
persistent than any definite system of religious dogma. It is clear that, 
in the first few centuries of our era, besides the formal religions and 
]fiiilosophics which appear in literature, there existed a deep and 
pervading undercurrent of these more primitive magic rites and 
beliefs. In them may be traced ideas of initiation, sacrifice, and 
communion with the divine powers, ideas which appear in more 
complex shape in the mystery religions, and later in some forms of 
Christian dogma, especially in the Catholic theory of the Mass. The 
effect on the origins of Christianity of these primitive rites and more 
developed mystery religions has at all times been a subject of discus- 
sion among historians and theologians, a discussion which has varied 
in the light of the knowledge available to each succeeding generation. 

Saint Paul saved Christianity from settling down as a Jewish sect 
doomed to early extinction, and preached it as a world religion. When 
it grew and spread, it came in touch with Greek philosophy, and the 
chief work of the early Fathers of the Church lay in combining that 
philosophy with Christian doctrines. 

Foremost in this work was Origen (c. a.d. 185-c. 254), who pro- 

1 For short accounts see Percy Gardner, in Hastings’ Encyclopaedia of Religion and Ethics 
and also in Modem Churchman, vol. xvi, 192G, p. 310. « . r , 

“ Sir J. G. Frazer, The Golden Bough, 3rd cd. See especially Part v, Spmts of the Corn 
and Wild”, vol. ii, p. 167. B. Malinowski, Foundations of Faith and Morals, Oxford, 1936. 
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claimed the conformity of ancient learning, especially Alexandrian 
science, with the Christian faith, and did more than anyone else to win 
adherents among the educated and intelligent. In his day doctrine 
was still fluid, and alternative ideas, over which the succeeding ages 
quarrelled to the death, are found peacefully side by side in his 
writings. 

Origen’s most fundamental tenet is the unchangeableness of God. 
This involves the eternity both of the Logos and of the world, and the 
pre-existence of souls. It reduces the importance of the historical 
aspect of Christianity, and thus allows a more critical examination 
of the Old and New Testaments, and a more liberal-minded outlook 
than was afterwards orthodox. But Origen’s theology became less 
and less acceptable, and was finally condemned by the Council oit 
Constantinople in 553. \ 

Of the Latin Fathers, it was Saint Augustine (354-430) who exerted ' 
the deepest and most prolonged influence on Christian thought; the 
Confessions and the City of God are among the greatest of Christian 
classics. He was successively a Manichaean, a Neo-Platonist and 
a Christian, and his combination of Platonic philosophy with the 
teaching of the Pauline Epistles formed the basis of the first great 
Christian synthesis of knowledge, which persisted in the background 
as an alternative mode of thought even through the dominance of 
Aristotle and Thomas Aquinas in the later Middle Ages. His con- 
troversies, like those of Saint Athanasius, illustrate the way in which 
Catholic doctrine was formulated by dispute, and show why it is that 
our Creeds are not only statements of belief, but “paeans of triumph 
over defeated heretics and heathen”. As Gibbon says, “the appella- 
tion of heretic has always been applied to the less numerous party”. 

Neo-Platonism and early Christian theology grew up together and 
acted and reacted upon each other — indeed each accused the other 
of * plagiarism. Christianity, .like Neo-Platonism, is based on the 
fundamental assumption that the ultimate reality of the Universe is 
spirit, and, in the Patristic Age, it accepted the Neo-Platonic super- 
rational attitude. In the writings of the early Fathers the highest 
super-rationalism, the love of God and the apprehension of the Risen 
Christ, passed down through every step to the lowest form of credulity 
held in common with the pagan populace and the Neo-Platonic 
philosophers. Plotinus, the early Neo-Platonic pagan, and Augustine, 
the Christian theologian, laid little stress on divination and magic, 
and the Latin Father, Hippolytus, exposed the folly of pagan magic 
and astrology. But two generations later. Porphyry and lamblichus 
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on the one side, and in the next centuries, Jerome and Gregory of The Fathers 
Tours on the other, revelled in the daemoniac and the miraculous. Church 

Symbolism, which had shown itself in Neo-Platonism, was extended 
and developed by the Fathers in their efforts to co-ordinate the Old 
Testament with the New, and both with the prevalent modes of 
thought. What in the Scriptures or in the world of nature conforms 
to the Christian scheme, as interpreted by each Father, may be 
received as fact; what does not so agree is to be accepted only in 
a symbolic sense. 

Finally, to understand the Patristic and through it the mediaeval 
mind, it is necessary to appreciate the overwhelming motive intro- 
duced by the Christian conception of sin, the hopes and fears of 
heaven and hell, mediation to obtain salvation in the one, and to 
avoid damnation in the flames of the other. 

The pagan world itself had become less confident. Mankind had 
moved far from the bright Greek spirit of fife, and the stern Roman 
joy in home and State. The mystery religions had brought Oriental 
ideas to Europe. Men were beginning to rely more on authority; 
they were seized with unrest and vague fears for their safety in this 
world and the next. The phase recurs at various epochs of history. 

Even before the ministry of Christ, in Palestine and wherever Jewish 
influence was felt, eyes were looking for a catastrophic coming of the 
Kingdom of God, a conception which made the Christian faith of the 
Apostolic Age largely a matter of eschatology, and its rule of life but 
an Interims Ethik, a short preparation for the triumphant Second 
Coming. Perhaps in the Patristic Age the end of the world had 
receded a little into the future; but the day of judgment was still very 
near, and to each man death was an effective door into the mystery 
of the next world and the horror of the Shade. Darkness was covering 
the civilization of the ancient lands, and gross darkness the spirit of 
mankind, almost obscuring the one transcendent ray of Christ’s 
message of hope and reconciliation. 

With such an outlook on life and such a prospect in death, it is no 
wonder that the Fathers showed small interest in secular knowledge 
for its own sake. “To discuss the nature and position of the earth”, 
says Saint Ambrose, “does not help us in our hope of the life to come.” 

Christian thought became antagonistic to secular learning, identifying 
it with the heathenism which Christians had set out to conquer. 

A branch of the Library of Alexandria was destroyed about the year 
390 by Bishop Theophilus, and, in general, ignorance was exalted as 
a virtue. When Christianity became the religion of the people, this 
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The Fathers attitude grew more brutal. We have an illustration of this result in 
of the Church y/hcu Hypatia, the last mathematician of Alexandria," 

daughter of the astronomer Theon, was murdered with revolting 
cruelty by a Christian mob, which, according to the common opinion, 
was instigated to the deed by the Patriarch Cyril. 

The Emperor Julian (331-363) tried to revive pagan religion and 
philosophy, but the last great philosopher of Athens was Proclus 
(411-485), who made the final synthesis of Neo-Platonism, and gave 
it “that form in which it was transferred to Christianity and Islam 
in the Middle Ages Proclus formed a link with Plato and Aristotle, 
and partly created and nourished mediaeval mysticism. j 

Gradually the desire and the power to investigate nature with ^n 
open mind passed away. With the Greeks natural science became 
merged in metaphysics ; with the Roman Stoics it faded into the nec 4 
to support the morality of the human will. So in the early Christian 
atmosphere natural knowledge was valued only as a means of edifica- 
tion, or as an illustration of the doctrines of the Church or the 
passages of Scripture. Critical power soon ceased to exist, and any- 
thing was believed if it accorded with Scripture as interpreted by the 
Fathers. The contemporary knowledge of natural history, for instance, 
was represented by a second-century compilation called Physiologus^ 
or the Bestiary^ in which the subjects and the accounts of them, 
originally Christian allegories with imagery taken from the animal 
world, were frankly ruled by doctrinal considerations. For example, 
it is stated seriously that the cubs of the lioness are born dead, but that 
on the third day the lion breathes between their eyes, and they wake 
to life, thus typifying the Resurrection of our Lord, the Lion of Judah. 

In their views of history and biography, the pagan historians were 
always ready to modify their accounts to serve the rhetorical fitness 
of the occasion, and the Church writers carried this tendency to 
greater lengths. In their hands history became a branch of Christian 
apologetics, and the lives of ihe saints, the characteristic form of early 
mediaeval literature, became simply a means of edification. Any 
legend which accorded with the author’s conception of the holiness 
of his subject was received unhesitatingly. 

^ The power of Patristic theology was strengthened by the ecclesi- 
astical organization which grew up to enshrine it. And when, with the 
conversion of the Empire to Christianity, that organization could rely 
on the still overwhelming though decaying strength of Roman 
tradition, it became irresistible. The Roman Empire died, but its soul 

^ Zeller, quoted in “Neo-Platonism”, Enc. Brit, gth ed. 
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lived on in the Catholic Church, which took over its framework and The Fathers 
its universalist ideals. The Bishop of Rome found it immeasurably Church 
easier to acquire the Primacy of the world, and gradually to tighten 
the bands of uniformity, because even barbarians had come to look to 
Rome as their metropolis, their Holy City, and to Caesar as their semi- 
divine ruler. Philosophically the Catholic Church was the last 
creative achievement of Hellenistic civilization; politically and organi- 
cally it was the offspring and heir of the autocratic Roman Empire. 

Such was the intellectual position in Europe when the last gleams The Dark 
of sunset of the ancient civilization were fading away into the dark 
night of the sixth and seventh centuries. And such was the nature of 
the ideals to which the succeeding ages looked back as they emerged 
into the feeble light of a new morn,, looked back as to a brighter day 
whose glorious noon culminated in God’s crowning revelation by His 
Son, and whose resplendent eve was illuminated by the inspired 
writings of the Fathers of the Church. It is small wonder that the men 
of the new time took all that came to them from across the darkness 
as endowed with supernatural sanction, and that they viewed it with 
no critical insight. 

Almost the only traces of secular learning which in the West 
survived the seventh century were the works of Boethius, a Roman 
of noble birth, who was put to death in 524. It seems now to be 
agreed, after a long controversy, that Boethius was a Christian and 
even a martyr. However that may be, he was certainly the last in 
direct descent to show the true spirit of ancient philosophy. He wrote 
compendiums and commentaries on Aristotle and Plato, and treatises, 
founded on the writings of the Greeks, on the four mathematical 
subjects which he called the quadrivium : arithmetic, geometry, music 
and astronomy. These manuals were used as schoolbooks in the 
Middle Ages, in the earlier part of which the only knowledge of 
Aristotle was derived almost entirely from Boethius’ commentaries. 

Dr H. F. Stewart, the biographer of Boethius, gives me the following 
note: 

Boethius was the last of the Romans ; but he was also the first of the Schoolmen 
in virtue of the classification of the sciences for which he supplied material. The 
uniform distribution of knowledge into natural sciences, mathematics and theology 
which he recommended was adopted by his successors and finally accepted and 
defended by Thomas Aquinas. His definition of persona as naturae rationalis in- 
dividua substantia held the field till the end of the scholastic period. 

After Boethius and his younger contemporary Gassiodorus, the 
classical spirit vanished from the earth. The schools of philosophy 

5-2 
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The Dark founded by Plato at Athens, which by this time were teaching a 
mystical, half-Christian Neo-Platonism, were closed in the year 529 
by order of the Emperor Justinian, partly in order to destroy the last 
vestiges of the teaching of heathen philosophy, and partly to prevent 
competition with the official Christian schools. 

Yet the Byzantine Empire maintained a background of civilization 
through the worst times of barbarism in the west of Europe. Its 
armies cleared Italy from the Goths, and its lawyers codified Roman 
law in the Institutes of Justinian. Founded on definite principles, those 
of the Stoics, Roman law gave an ideal of rational order, which 
survived the times of chaos, and helped to form both the Canons cjf 
the Universalist Church, the heir of the Roman Empire, and later on 
the intellectual synthesis of Scholasticism. Again, the knowledge which 
survived in Byzantium from classical times, even in its decay, shone 
as a torch amid the darkness of Europe, to light the way to a revival 
of Western learning. Before the light failed altogether, that revival 
had begun. 

But meanwhile in the West the break with the past was much more 
complete than was necessarily involved by the mere fall of Greece as 
a civilizing influence and of Rome as a world power. Not only were 
Athens and Rome destroyed as political States and social structures, 
but both the race of the Greeks, the artists and philosophers, and the 
race of the Romans, the lawyers and administrators, had ceased to be. 

The beginning of the decline of Rome has been assigned to many 
causes. One important factor, often overlooked, is traced by the 
historian Alison to the economic disturbance caused by a shortage of 
currency.^ The gold and silver mines of Spain and Greece began to 
fail, and the treasure of the Empire available for money, estimated at 
the equivalent of ^{^380, 000,000 in the time of Augustus, had shrunk 
to about ^80,000,000 in that of Justinian. In spite of occasional 
debasements of the currency,^ it is fair to assume that internal prices 
within the Empire fell, that is the value of money measured in goods 
and services rose, and all the evils inevitable in times of deflation 
must have followed. Productive industry and agriculture ceased to 
be remunerative; taxes became oppressive; imports from countries 
like Egypt and Libya, outside the area of monetary disturbance, were 
stimulated, and Roman land went out of cultivation, as did land in 
England from similar causes from 1873 to 1900 and again from 1921 
to 1928. 

‘ Sir Ardiibald Alison, History of Europe^ vol. i, Edinburgh and London, 1853, p. 31. 

* A. R. Burns, Money and Monetary Policy in Early Times, London, 1927. 
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With the failure of cultivation, and the neglect of the old systems 
of drainage in town and country, vast tracts were rendered unin- 
habitable by malaria^, while it is probable that the fall in the birth- 
rate among the nobler and abler stocks, together with the constant 
drain of incessant wars and — among the Romans — of foreign admini- 
stration, not only killed off many of the best in each generation, but 
also, by the survival of the unfittest, lowered the average quality of 
the nations. Doubtless the obvious military and other causes, usually 
blamed, had much to do with the catastrophe, but economic and 
racial factors must not be overlooked. We may perhaps say that the 
overthrow of Rome by the Northern invaders was not so much a 
destruction of civilization by barbarians, as the clearing away of 
a doomed and crumbling ruin, in preparation for future rebuilding. 

A new civilization had to be evolved from chaos; nations with 
definite ideals and well-marked characteristics had to be formed out 
of the medley of races comprised in the decadent universalist Empire ; 
and those nations had to advance far in the reconstruction of social 
order and the determination and specialization of intellectual attri- 
butes before they could form a suitable seed-bed for the germination 
and growth of a new science and scientific philosophy. 

Here and there in Europe, through the gloom of the Dark Ages, we 
see tiny plants of knowledge struggling to the light. It is probable 
that in Italy some of the secular schools maintained their continuity 
in the large towns throughout the times of turmoil and confusion. But 
the rise of the monasteries gave the first chance of a secure and leisured 
life, and, consequently, it is in the cloister that the first signs of the 
new growth of learning are to be seen. 

In view of the character of the Gospel story, it was impossible for 
the Fathers of the Church to despise the art of healing as they 
despised or ignored other secular knowledge. Hence the tending of 
the sick remained a Christian duty, and medicine was the earliest 
science to revive. Monastic medicine was at first a mixture of magic 
with a faint tincture of ancient science. In the sixth century the 
Benedictines began to study compendiums on the works of Hippo- 
crates and Galen, and they gradually spread a knowledge of these 
writings throughout the West. The monks were also practical farmers, 
who kept alive some knowledge of the art of agriculture. 

The first new secular home of learning appears in the schools of 
Salerno, a city to the south of Naples, on the Bay of Paestum, and 

' Angelo Gelli, Malaria, Eng. trans., Londoyi, 1901; W. H. S. Jones, Malaria, a Neglected 
Factor in the History of Greece and Rome, Cambridge, 1909. 
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from this centre proceeded many compilations founded on the writings 
of Hippocrates and Galen. In the ninth century Salenuan physicians 
were already famous; in the eleventh they began to read translations 
from Arabic works; and their schools continued to flourish till the 
twelfth century, when they were overshadowed by the general spread of 
Arab medicine in Europe. Since Salerno is known to have been first a 
Greek colony, and then a Roman health resort, and since the traditions 
of Greek medicine seem never to have been entirely interrupted in 
Southern Italy, it is possible that here a direct and unbroken link existed 
between the learning of the ancient and that of the modern world. , 

It should be noted, however, that countries at a distance front 
Rome were among the first to show signs of a new and distinctive\ 
spirit. The literary and artistic development of Ireland, Scotland and 
the north of England, beginning with Irish sagas full of poetic 
extravagance, was quickened by the absorption of Christian teachings. 
In the fervour of its missionary zeal, that culture was carried with 
some of its secular learning into more southern lands by such men as 
Willibrord and Boniface. This northern development culminated in 
the works of the Anglo-Saxon monk, Bede of Jarrow (673-735), who 
incorporated into his writings all the knowledge then available in 
Western Europe. His science was founded chiefly on Pliny’s Natural 
History, though he added something on his own account, such, for 
instance as a few observations on the tides. He stands between the 
Latin commentators Boethius, Cassiodorus, Gregory, and Isidore of 
Seville, who caught the last direct echoes of the classical or Patristic 
learning, and the scholars of the abbey schools founded by Charlemagne. 
Chief among these latter was Alcuin of Y ork, who did much to overcome 
the prevalent idea that secular learning was opposed to godliness, and 
carried the tradition of classical knowledge into definitely mediaeval 
times. Bede wrote in Latin, mainly for monks ; but one hundred and 
fifty years later culture had so broadened that Alfred the Great (849- 
901) translated or caused to be translated many Latin books into 
Anglo-Saxon, and the influence of Latin literature began to pass into 
native languages. 

By this time mediaeval Europe was taking shape. Nations had 
crystallized out from the mixture of the Romanized Gauls with the 
vigorous Teutonic tribes that overran the Roman provinces. Northern 
lands that had never seen the Roman eagles, or from which the 
Romans had retreated, were developing a culture and even a literature 
of their own, on which Roman ideals and Roman civilization only 
acted as external and foreign influences. 
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While European learning was at its lowest ebb, a considerable Tk Arabian 
amount of culture of mixed Greek, Roman and Jewish origin 
survived in the Byzantine Imperial Court at Constantinople, and in 
the countries which stretch from Syria to the Persian Gulf. One 
of its earliest centres was the Persian school of Jundishapur, which 
gave refuge to Nestorian Christians^ in 489, and to the Neo-Platonists 
who left Athens when Plato’s Academy was closed in 529. Here 
translations, especially of Plato and Aristotle, brought Greek philo- 
sophy into touch with that of India, Syria and Persia, and led to the 
growth of a school of medicine, which survived till the tenth century, 
despite its comparative isolation. 

Between 620 and 650, under the stimulus of Muhammad, the Arabs 
conquered Arabia, Syria, Persia and Egypt. A hundred and fifty 
years later, Harun-al-Rashid, the most famous of the Abbasid Caliphs, 
encouraged translations from Greek authors, and thus helped to 
initiate the great period of Arab learning. At first the advance was 
slow, for new terms and constructions, suitable for the expression of 
philosophic and scientific thought, had to be formed and incorporated 
into the Syriac and Arabic languages. As in the analogous revival of 
learning which took place in Europe in the later Middle Ages, the 
first task of the Arabs, and of the races under their mfluence, was to 
recover the hidden and forgotten stores of Greek knowledge; then to 
incorporate what they recovered in their own languages and culture; 
and finally to add to it their own contributions. 

For two centuries after the death of Muhammad, there was intense 
theological activity in Islam. The atomic system of Epicurus, and the 
problems of time and space raised by the paradoxes of Zeno, stimu- 
lated the Muslim mind, which may possibly have been influenced 

also by the Buddhist atomism of India.^ 

According to the Koran, Allah created and upholds the world, 
which has only a secondary existence in His absolute existence. This 
orthodox view was modified by Greek philosophy, Neo-Platonic an 
Aristotelian, as well as by another Islamic school of thought. The 
latter added to the implied unilateral pantheism of Muhammad the 
Neo-Platonic endless chain of existence, and the Aristotelian idea 
of the Cosmos. Thus it arrived at the complementary view that 


• See especially G. Sarton, Introduction to the Hutory ofScvnwe, vols. i, ii, Baltimore, 1927, 

H Jacobi, and “Muhanunadan”, by De Boer, m Hastmgs, 
Encyclopaedia of Religion and Ethics. 
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conversely the Cosmos is God. A third group, trying to explain nature 
in orthodox Muhammadan terms, reached a theory of time, similar to, 
if not derived from, the Buddhist atomic philosophy of India. The 
world is made of atoms all exactly alike, which Allah creates anew 
from moment to moment. Space too is atomic, and time is composed 
of indivisible “nows”. The qualities of things are accidents, which 
belong to the atoms and are created and re-created with them by 
Allah. If Allah were to cease re-creating from moment to moment, 
the Universe would vanish like a dream. Matter only exists by Allah’s 
continued will, and man is but a kiiiematographic automaton. Thus 
the apparently godless system of Epicurus is converted into an intense 
monotheism. \ 

By the side of these theological interests there became manifest 
a curiosity concerning that nature to which the theologians deniea 
permanence or reality. Islamic science grew while that of Christendom > 
was decaying, and by the second half of the eighth century the lead 
had definitely passed from Europe to the Near East. In the ninth 
century the Arabic schools of medicine were improved by the study 
of translations of Galen, and new and striking work was achieved in 
that primitive chemistry which underlay alchemy. 

The earliest practical chemistry is concerned with the arts of life 
such as metal-working on the one hand, and with the preparation of 
drugs on the other. The speculations of the Greeks in classical times 
about the nature of matter, with their ideas of atoms and primary 
elements, are too much divorced from observational or experimental 
facts to be classed as chemistry. The Alexandrian alchemists of the 
first century may be considered to have been the first who realized 
and attacked chemical problems. Little was done after their day till, 
six hundred years later, the Arabs took up their work. 

It is true that, misunderstanding the origins of the art in Alex- 
andria, the later alchemists set before themselves two great aims, both 
of which proved impossible of attainment — the material transmuta- 
tion of baser metals into gold, and the preparation of an elixir vitae 
that would cure all human ills. Their search was doomed to failure, 
yet, by their way, they acquired much sound chemical knowledge 
and discovered many useful remedies. 

The Arabic alchemists obtained their initial knowledge from two 
sources, the Persian school mentioned above, and the writings of the 
Greeks of Alexandria, partly through Syriac intermediaries and partly 
by means of direct translations. The Arabic-speaking people studied 
alchemy for seven hundred years, the chief centres of their labours 
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being first in Irak and later on in Spain. In the hands of these men, 
alchemy developed into chemistry, and from them, chiefly through 
the Spanish Moors, the European chemistry of the later Middle Ages 
was derived. While some Arabic writers and their European followers 
thus passed from alchemy to chemistry, others, not understanding the 
technical knowledge and philosophic outlook of the Alexandrian 
alchemists, and unable to take the newer, more scientific view, 
degraded their work into a sordid search for gold, or a background 
for magic based on chicanery or self-delusion. 

The most famous Arabian alchemist and chemist was Abu-Musa- 
Jabir-ibn-Haiyan, who flourished about 776, and is thought to have 
been the original author of many writings which appeared later in 
Latin, and were assigned to a shadowy “Gebcr” of uncertain date. 
The problem of their origin is not yet solved.^ From an examination 
of new translations of some of the Arabic manuscripts, Berthclot^ 
concluded in 1893 that the knowledge of Jabir was much less than 
that of the Latin “Geber”. But Holmyard^ and Sarton^ state that 
other Arabic works, still untranslated, show that Jabir was a much 
better chemist than Berthelot thought. He seems to have prepared 
(to use the modern nomenclature) lead carbonate, and separated 
arsenic and antimony from their sulphides; he gave accounts of the 
refinement of metals, the preparation of steel, the dyeing of cloth and 
leather, and the distillation of vinegar to yield concentrated acetic 
acid. He held that the six known metals differed because of the 
different proportions of sulphur and mercury in them. But Jabir’s 
place in history cannot be assigned till a critical study of all his Arabic 
works has been made, and a comparison effected with those of “ Geber ” . 

In the history of chemistry, the idea that the principles of sulphur 
or fire and mercury or liquidity are primary elements is of great 
importance. It seems to have arisen from the discovery that mercury 
and sulphur combine to give a brilliant red sulphide. As silver is 
white and gold is yellow, red must be made of something even more 
noble and fundamental than gold. To sulphur and mercury, salt was 
afterwards added to represent earth or solidity. The theory that salt, 
sulphur and mercury were the primary principles of things lasted as 
an alternative to the four elements of Empedocles and Aristotle till 
the days of Robert Boyle’s Sceptical Chymist, pubhshed in 1661. 

' The Arabic Works of Jdhir-ibn-Haiyaiu ed. by E. J. Holmyard, i, Paris, 1928; The Works 
of Geber, R. Russell, 1678, ed. by E. J. Holmyard, London, 1928. 

2 La Chimie au Moyen Age, Paris, 1893. 

^ E. J. Holmyard, in Isis, No. 19, 1924, p. 479. 

^ Introduction to the History of Science, vol. i, p. 532. 
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The increasing importance of scientific chemistry is shown by a 
controversy, which began in the ninth century, concerning the real 
value of alchemy. At this time also translations into Arabic were made 
of Euclid’s Elements and Ptolemy’s work on astronomy, which thus 
acquired its best known name of Almagest. In this way Greek geometry 
and astronomy were brought into the Muslim world. The Hindu 
numerals were perhaps invented in Greece, but they passed to India 
and then, in an early form, reached the Arabs, who modified them 
into a type (called Ghubar) more like our own.^ Muslim trade was 
widespread; through its agency these convenient symbols became 
known to the world as Arabic, and, after some centuries, displace^ 
the clumsy Roman notation. The earliest Latin example of the use of 
the new system seems to be found in a manuscript written in Spain 
about 976, but the zero sign was not universally adopted until a some-; 
what later date. 

The renown attaching to the works of the Greeks was used by some 
Arabic authors to gain acceptance for their own writings. For instance, 
an Arabic or Syriac compilation of folklore and magic, known as the 
Secretum Secretorum, was popular in mediaeval Europe as a translated 
work of Aristotle. About 817 Job of Edessa wrote an encyclopaedia 
of philosophical and natural sciences as taught in Baghdad. The 
Syriac text was edited and translated lately by Mingana.^ 

I'he translation of Ptolemy’s book stimulated Muslim astronomers. 
From his observatory at Antioch Muhammad al-Batani (c. 850) 
recalculated the precession of the equinoxes and drew up a new set 
of astronomical tables. He was followed by others of less eminence, 
and about the year 1000 advances in trigonometry were made and 
observations on solar and lunar eclipses were placed on record at 
Cairo by Ibn Junis, or Yunus, who was perhaps the greatest of all the 
Muslim astronomers. He was encouraged in his work by al-Hakim, 
the ruler of Egypt, who founded at Cairo an academy of learning. 

The classical period of Arabian science may be said to date from 
the tenth century, beginning with the medical work of the Persian 
Abu Bakr al-Razi, known to Europe either as Bubachar or Rhazes, 
who practised in Baghdad and compiled many encyclopaedic text- 
books, including a famous treatise on measles and smallpox. He is 
held to be the greatest physician of Islam, indeed of the whole world 
during the Middle Ages. He also applied chemistry to medicine, and 
used the hydrostatic balance to measure specific gravities. 

‘ S. Gaiidz, Isis, Nov. 1931, No. 49, p. 393. 

^ Cambridge, 1935; Isis, No. 69, 1936, p. 141. 
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The most eminent Muslim physicist was Ibn-al-Haitham (965- 
1020), who also worked in Egypt under al-Hakim. His chief work 
was done in optics, and showed a great advance in experimental 
method. He used spherical and parabolic mirrors, and studied 
spherical aberration, the magnifying power of lenses, and atmospheric 
refraction. He improved knowledge of the eye and of the process of 
vision, and solved problems in geometrical optics by capable mathe- 
matics. The Latin translation of his work on optics exerted con- 
siderable influence on the development of Western science, especially 
through Roger Bacon and Kepler. About the same time the physician 
and philosopher Ibn Sina, or Avicenna (980-1037), a native of 
Bokhara, wandered from court to court among the rulers of Central 
Asia, vainly seeking some place of settlement where he could find an 
opening for his talents and carry on his literary and scientific labours. 
He wrote on all the sciences then known. Sarton states that in 
alchemy he disbelieved in the transmutation of metals, regarding the 
differences between them as too deep-seated to be overcome by 
changes of colour. His Canon, or compendium of medicine, ‘'a codi- 
fication of the whole of ancient and Muslim knowledge”, represents 
one of the highest achievements of Arabic culture. It afterwards 
became the textbook of medical study in the European Universities; 
until the year 1650 it was used in the schools of Louvain and Mont- 
pellier, and till lately was said to be still the chief medical authority 
in Muhammadan countries. 

A contemporary, less well known but not less great in mind, was 
al-Biruiii, philosopher, astronomer and geographer, who lived from 
973 to 1048. He carried out geodetic measurements, and determined 
latitudes and longitudes with some accuracy. He measured the 
specific gravity of precious stones, and explained natural springs and 
artesian wells on the principle of water finding its own level in com- 
municating channels. He wrote a clear account of parts of India 
and their people, and also the best mediaeval treatise on Hindu 
numerals. 

At this time Arabic had become the acknowledged classical language 
of learning, and everything written in Arabic carried the prestige that 
in earher (and again in later) ages was accorded to Greek. The first 
systematic translator of Arabic texts into Latin was Constantine the 
African, who worked at Monte Cassino from about 1060 till his death 
in 1087. He visited Salerno, and his work had much influence on 
the Salernian School, stimulating, both there and elsewhere, the 
absorption of Arabic knowledge by the Latin nations. 
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Nevertheless the highest point of Arabic learning had been reached. 
In the eleventh century appeared the important algebraic work of the 
Persian poet Omar Khayyam, and the theological writings of al- 
Ghazzali, who did for Muhammadanism the philosophic and synthetic 
work that Thomas Aquinas did for Christianity. But by the close of 
the century the decline of Arabic and Muslim learning had set in, and 
thenceforward science was chiefly a European activity. 

Politically also any prospect of a stable Arabian Empire had been 
put to an end by the internal quarrels of the Muhammadan princes 
and generals, and by the gradual disintegration and destruction of 
the gifted, noble and old-established Arab families, which had providjed 
the necessary governors, soldiers and administrators. The distaht 
provinces, one after another, separated themselves from the weak over- 
grown and heterogeneous Empire, re-created their native character^, 
and reasserted their political independence. \ 

It was in Spain, the farthest province of the Muhammadan conquest, 
that the best results of the intercourse of Arabian, Jewish and Christian 
civilizations became apparent. For three centuries, from 418 to 71 1, 
a West Gothic kingdom, which had established itself in Spain, main- 
tained law and order from its capital at Toulouse. The Sephardim 
Jews, originally deported from Palestine to Spain under Titus, had 
preserved traditions of Alexandrian learning, amassed wealth, and 
kept open communications with the East. This continued after the 
Muhammadan conquest of Spain in a.d. 71 i. The tolerance of 
thought accorded by the Arabs, as long as their supremacy remained 
unquestioned, allowed the establishment of schools and colleges which, 
however, owed their continued existence, not to the support of the 
people as a whole, but to the occasional and spasmodic patronage of 
a liberal-minded or free-thinking ruler. 

The course of Spanish-Arabian philosophy developed on much the 
same lines as that of the Christian schools which followed it a hundred 
years later. There was the same attempt to harmonize the sacred 
literature of the nation with the teachings of Greek philosophy, and 
an analogous contest between those theologians who relied on reason 
and rational conclusions, and those who put their trust either un- 
critically in revelation, or in mystic religious experiences, and in both 
cases denied the validity of human reason in matters of faith. 

Orthodox Muslim Scholasticism with its rational philosophic 
theology was chiefly founded by the Persian al-Ghazzali, who 
flourished at Baghdad. Similar views were prevalent in Spain, but 
the real fame of the Spanish-Arabian school of thought is due to the 
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work of Averroes, who was born at Cordova in 1 126. While showing 
a profound reverence for the teachings of Aristotle, Averroes neverthe- 
less introduced a new conception into the relations between religion 
and philosophy. According to him, religion is not a branch of know- 
ledge that can be reduced to propositions and systems of dogma, but 
a personal and inward power, distinct from the generalities of 
“demonstrative” or experimental science. Theology, the mixture of 
the two, he regarded as a source of evil to both, fostering on the one 
hand a false impression of the hostility between religion and philosophy, 
and, on the other, corrupting religion by a pseudo-sciencc. 

It is not surprising that the teaching of Averroes came into fierce 
conflict with that of the orthodox Christian theologians, but, in spite 
of opposition, especially from the great Dominican school of thought, 
his words fell upon willing ears. By the thirteenth century, Averroes 
had become a recognized authority in the Universities of South Italy, 
Paris and Oxford, worthy, according to Roger Bacon and Duns 
Scotus, to be placed by Aristotle as a master of the science of 
proof. 

Another great Cordovan of this period was Maimonidcs (1135- 
1204), a Jewish physician, mathematician, astronomer and philo- 
sopher, whose chief work was the construction of a Jewish system of 
Scholasticism, comparable with the Muslim Scholasticism of al-Ghaz- 
zali, and the Christian Scholasticism soon afterwards completed by 
Thomas Aquinas. Maimonidcs sought to reconcile Jewish theology 
with Greek philosophy, especially with that of Aristotle. His work 
had much influence in the later Middle Ages, when some of his 
followers pressed his views so far as to regard the whole of Biblical 
history as symbolic, a theory which naturally aroused controversy.^ 

In the Europe which received and slowly absorbed this stream of 
Arabic knowledge, the apparatus of learning had made appreciable 
progress. In the Eastern Empire at Constantinople a definite revival 
of knowledge took place in the ninth and tenth centuries, when Con- 
stantine VII patronized art and learning, and ordered the compilation 
of a number of encyclopaedic treatises. From Constantinople too, 
Russia was converted to Christianity, mainly by the irresistible 
persuasion of Vladimir, Duke of Kiev, and Russian art, directly 
derived from that of Byzantium, began at the end of the tenth century. 
To this Byzantine Renaissance we also owe the reproduction and 
preservation of many Greek manuscripts. 

^ For Jewish mediaeval philosophy, sec H. A. Wolfson, The Philosophy of Spinoza^ 
Harvard, 1934; Isis, No. 64, 1935, p. 543 - 


The Arabian 
School 


The Revival 
of Learning 
in Europe 



THE MIDDLE AGES 


The Revival 
of Learning 
in Europe 


78 

As we have seen, a centre of secular studies, and especially of 
medicine, had existed since a very early date at Salerno, and, in 
Northern Europe, the encouragement bestowed on scholars by Charle- 
magne and Alfred had given an impetus to teaching generally. 
Gerber t, the learned French educator and mathematician, taught at 
Rheims, and elsewhere, from 972 till 999, when he was elected Pope, 
taking the name of Sylvester II. In his writings he dealt with the 
Hindu numerals, the abacus, a simple form of calculating machine, 
and the astrolabe, a graduated metal circle with a limb pivoted at 
the centre, which gave the zenith distance. And, earlier in the tenth 
century, Arabic learning became known in Liege and other cities jof 
Lorraine, whence it spread to France, Germany and England.^ About 
1180 a centre of Arabic learning appears under Roger of HerefordV^ 

The effect of the increasing demand for teaching was that thlp 
monastic and cathedral schools were found insufficient to meet thfe 
growing needs, and new secular schools began to assume their modern 
form of Universities.^ A revival of legal studies took place in Bologna 
about the year 1000, and, in the twelfth century, schools of medicine 
and philosophy were added to that of law. A Students’ Guild, or 
Universitas, was formed for the mutual protection, at first of the foreign 
students, who were at the mercy of the inhabitants, and later of all 
students, whether native or foreign. These guilds hired their own’ 
teachers, and the University of Bologna, even in later years, continued 
to be a students’ University, in which the governing power was held 
by the learners. 

On the other hand, a school of dialectic at Paris in the first decade 
of the twelfth century was organized by the teachers, and shortly 
afterwards a community, or Universitas^ of teachers in that city set the 
constitutional model to most of the Universities of Northern Europe, 
including England. Thus it is that at Oxford and Cambridge the 
governing power has always rested with the teachers instead of with 
the students as at Bologna and in Scotland, where the election of the 
Rector shows a surviving trace of undergraduate control. 

As early as the Carolingian period, the academic subjects of study 
had settled down into an elementary trivium, comprising grammar, 
rhetoric and dialectic, three subjects which dealt with words, and 
a more advanced quadrivium, music, arithmetic, geometry and 
astronomy, which four were supposed, at all events, to deal with 


‘ J. W. Thompson, Isis, No. 38, 1929, p. 184. 

® J. C. Russell, Isis, No. 52, July 1932. 

^ H. Rashdall, The Universities of Europe in the Middle Ages, Oxford, 1895. 
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things. Music contained a half mystical doctrine of numbers, geometry 
merely a series of Euclid’s propositions without the proofs, while 
arithmetic and astronomy were esteemed chiefly because they taught 
the means of fixing the date of Easter. All were treated as a prepara- 
tion for the study of the sacred scfence of theology. Throughout the 
Middle Ages, this division of subjects held good for the elements of 
academic learning, and, as interest grew in pliilosophy, that study was 
merely added as a more advanced part of the simpler logical dialectic. 

The old controversy between Plato and Aristotle on the nature of 
“intelligible forms” or “universal” found its way into the writings 
of Porphyry and the commentaries of Boethius, and so reached the 
mediaeval mind as the problem of classification. Why is it that we are 
able to classify? Are individuals the only realities, classes or universals 
existing merely as mental concepts or names, as the nominalists main- 
tain, or have they a certain independent reality, existing in and with 
the objects of sense as the essence of those objects, as Aristotle taught? 
Or, on the other hand, have the ideas or universals a quite separate 
existence and a reality apart from the phenomena or the isolated 
beings, as Plato held in his idealist philosophy, which had come to be 
called realism? For instance are Democritus and Socrates realities, 
and humanity only a name? Or is man a species with a reality of its 
own, receiving here and there certain forms which make it Demo- 
critus or Socrates, accidents of the real substance, humanity? Are we 
to say universalia ante rem with Plato, universalia in re with Aristotle, or 
universalia post rem with the nominalists? 

To our scientific minds, more at home with Archimedes than with 
either Aristotle or Plato, this controversy seems both foolish and tire- 
some. Yet it is necessary to study it if we are to unearth the buried 
seeds of modern science which germinated at the Renaissance. In its 
effect on the theory of knowledge, even to the Greeks it was of great 
importance, and in it the mediaevalists eventually discovered the 
whole problem of Christian dogma, the only difficulty being to 
determine on which side persecuting orthodoxy was to take its stand. 

In the ninth century Erigena, or John Scot, a disciple of Origen, 
propounded a mystical theory, based on the idea that the divine is the 
only reality. The theory contained the first great mediaeval, as con- 
trasted with Patristic, synthesis of Christian faith with Greek philo- 
sophy, in this case the philosophy of the Neo-Platonic school. To 
Erigena true philosophy is true religion, and true religion true philo- 
sophy. Reason leads to a system which coincides with Scripture 
properly interpreted. Erigena was a realist, but his realism shows 
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a fusion of Platonic and Aristotelian views, and the discussion between 
realism and nominalism only became acute later. In the eleventh 
century critical reasoning was applied to theology and the issues at 
stake began to be seen. Nominalism made its appearance in the 
writings of Berengarius of Tours (999-1088), who criticized the 
doctrine of transubstantiation, holding that a change of substance 
could not take place in the bread and wine with no corresponding 
change in the accidents of appearance and taste. Nominalism 
appeared also in Rosccllinus (d. c. 1 125), who held that the individual 
is the sole reality, and thus reached a Tritheistic conception of the 
Trinity. This at once crystallized the opposing realism, especially in| 
William of Champeaux and Anselm of Canterbury, and established 
it as the orthodox view for several centuries. \ 

But the inherent difficulties of the theory of realism led to many 1 
varieties of it; an interminable discussion raged in the schools and 
employed the philosophic acumen of the scholastic dialecticians for 
two hundred years. Abelard, a Breton (1079-1142), attacked his 
master William of Champeaux, and taught a modified doctrine 
verging on nominalism, though it was a nominalism not so consistent 
as that of Roscellinus, In Abelard the doctrine of the Trinity was 
reduced to the conception of three aspects of the One Divine Being. 
Abelard showed signs of independence from the dogmatic frame 
within which the mediaeval mind was accustomed to work. He made 
the pregnant statements that “doubt is the road to enquiry’’, that 
“by enquiry we perceive the truth”, and that “it is necessary to 
understand in order to believe”, a saying which may well be com- 
pared with the credo quia impossibile of the Patristic Tertullian, and the 
credo ut intelligam of Anselm. Abelard was called to account by Saint 
Bernard, who held in abhorrence the wisdom of this world, and did 
much to foster ecclesiastical suspicion which saw heresy everywhere. 
But for a time the speculative spirit was exhausted, and the middle of 
the twelfth century marks the beginning of a pause of fifty years in 
logical and philosophical dialectic, and the return to a passing interest 
in classical literature, an interest which centred in John of Salisbury 
and his school at Chartres. 

If the philosophic discussions of the mediaevalists are still of living 
interest to some modern metaphysicians, their general conception of 
the physical Universe appears to us strange, unreal and confused. For 
the most part no distinction was drawn between natural events, moral 
truths and spiritual experiences. Doubtless ultimate reality contains 
all three, but history shows that natural events, at any rate, need to be 
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viewed in isolation if our knowledge of their interrelations is to be 
increased. 

The mediaeval mind was fascinated by a supposed analogy between 
the nature of the Godhead, the astronomical constitution of the 
Cosmos, or macrocosm, and the anatomical, physiological and psycho- 
logical structure of man, the microcosm. The whole Cosmos is usually 
imagined as permeated and bound together by a living spirit, the vouy 
or world spirit of Neo-Platonism, which in its turn is pervaded and 
controlled by the Godhead. Thus primordial matter, the principle of 
death and dissolution, is held in subjection. 

The idea of the macrocosm and microcosm is set forth in Plato’s 
Timaeus, and can be traced back to Alcmaeon and to the Pythagoreans, 
but it was attributed by some mediaeval authors to Hermes, the some- 
what doubtful Alexandrian figure to whom so many alchemical 
writings are referred and who probably represents the Egyptian god 
Thoth. The theory reappears in simple form in the works of Isidore 
of Seville, and of the alchemist “Gcber”. It was developed later by 
Bernard Sylvestris of Tours (c. 1150), and by the Abbess Hildegard 
of Bingen (c. 1 1 70) . ^ It is constantly to be seen represented allegorically 
in mediaeval art. 

In other illustrations, which represent only the physical Cosmos, 
we see some such picture as the following. The Earth is imagined as 
a central sphere, in which the four elements, originally in harmonious 
order, are in confusion since Adam’s fall. The Earth is surrounded by 
concentric zones of air, aether and fire, containing stars, Sun and 
planets, all kept in motion by the four winds of heaven, which are 
related to the four elements of Earth and the four humours of man. 
Heaven is the empyrean space beyond the zone of fire, and hell is 
within the sphere of Earth under the feet of men. 

The conception of the essential similarity of macrocosm and micro- 
cosm held throughout the Middle Ages. It survived the Renaissance, 
and persisted in literature into almost modern days. The idea of the 
Universe as composed of concentric spheres or zones was developed 
and made classical in mediaeval times : perhaps it reached its culmina- 
tion in the Vision of Dante. Copernicus destroyed its rational basis, 
but did not uproot the popular tradition. Indeed, drawings clearly 
derived from these confused imaginings of the ancient world and the 
Middle Ages may still be seen decorating the covers of certain 
almanacs which circulate among the ignorant of all classes even now. 

‘ Studies in the History and Method of Science, cd. by Charles Singer, Oxford, 191?^ 
“St HUdegard”, p. i. 
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Somewhat similar notions are found in the system of Jewish theo- 
sophy known as the Gaballa, which, professing to set forth esoteric 
truths revealed by God to Adam and carried down the ages by 
tradition, afterwards came to exert a considerable influence on 
Christianity. 

It is impossible here to trace a tithe of the enormous and inter- 
twined tangle of astrology, alchemy, magic and theosophy which 
enmeshed the Middle Ages, and is so difficult for us to understand or 
even to read with patience. But it must not be forgotten that such 
ideas were essentially characteristic of the mediaeval mind, which in 
them felt at home. Scientific thought, of which in those times \j^e 
find rare examples, was quite foreign to the prevailing mental outlook. 
The scattered seedlings of science had to grow in a vast and confused 
jungle which was always threatening to choke them, and not in thp 
open healthy prairie of ignorance which seems to be envisaged by 
some historians of science. If agricultural land be left uncultivated, 
in a few years the jungle returns, and signs are not lacking that a 
similar danger is always lying in wait for the fields of thought, which, 
by the labour of three hundred years, have been cleared and brought 
into cultivation by men of science. The destruction of a very small 
percentage of the population would suffice to annihilate scientific 
knowledge, and lead us back to almost universal belief in magic, 
witchcraft and astrology. 

If the intellectual task of the Dark Ages was to save what it could 
out of the wreck of ancient learning, that of the first succeeding 
centuries was to master and absorb what had been recovered. The 
chief intellectual achievement of the early mediaeval period was the 
welding together of the remains of ancient classical knowledge, as 
preserved by the writers of Latin compendiums, with the Christian 
faith, as interpreted by the early Fathers in the light of Neo-Platonism. 
From the ninth century onward we may watch this process at work^ 
and there the constructive period of the Middle Ages may be said 
to begin. 

By the twelfth century the dual heritage from the past had been 
surveyed and mapped out, absorbed and transformed by the mediaeval 
mind. Then came a pause in the work of philosophic theology, during 
which we see the culmination of mediaeval appreciation of classical 
writings as literature. None of the more advanced works of Aristotle 
were known in a complete form; and thus no scientific book had 
come to hand to disturb the literary outlook of those scholars who 
cared for the classics as a b^ath of study, or as a means of under- 
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standing better the language of Scripture and the writings of the 
Fathers. In spite of the indirect influence of Aristotle, exerted through 
commentaries, the predominant theological attitude was still Platonic 
or Neo-Platonic and Augustinian, idealistic and mystical rather than 
rational and philosophical. 

But in the thirteenth century a great change of outlook took place, 
coincident and perhaps connected with the humanizing movement 
associated with the coming of the friars. An increasing desire for 
secular knowledge was satisfied by the rendering of Greek authors into 
Latin, firstly by retranslation from the Arabic, and later by direct 
translation from the Greek. The complete story has not yet been 
worked out, for our knowledge of Arabic scientific literature, even of 
that part of it which is extant, is still so fragmentary that it is impossible 
to specify exactly what additions the Arabs made to Greek science. 

The most active work in translation from Arabic to Latin went on 
in Spain, where a succession of translators, busy with many subjects, 
can be traced from about 1 125 to about 1280. “To them we owe texts 
of Aristotle, Ptolemy, Euclid and the Greek physicians, Avicenna, 
Averroes, and the Arabic astronomers and mathematicians, a great 
mass of astrology, apparently also a certain amount of alchemy.”^ 

Next to Spain in importance were Southern Italy and Sicily, whence 
came translations both from Arabic and from Greek, made possible 
by the presence of resident Arabs and Greeks, and by diplomatic and 
commercial relations with Constantinople. From this source were 
obtained medical works, a geographical treatise and map, and 
Ptolemy’s Optics. Of scattered or unknown origin arc translations of 
Aristotle’s On Animals^ Metaphysics and Physics, and other less important 
works which appeared in the West from 1200 onwards. 

The current language of scientific literature was Arabic, and trans- 
lations from the Arabic, even of Greek authors, were highly valued. 
The Arabic-speaking races and the Jews living among them had at 
this time a real interest in science, and it was by contact with Muham- 
madan countries that mediaeval Europe passed from its earlier 
outlook to a more rationalist habit of mind. 

The greatest change was produced by the rediscovery of Aristotle. 
Between 1200 and 1225 his complete works were recovered and 
rendered into Latin, like those of other authors, first from Arabic 
versions and then by direct translations from the Greek. In this latter 
work one of the foremost of scholars was Robert Grosseteste, Chan- 
cellor of Oxford, and Bishop of Lincoln, who himself wrote on comets 
• G. H. Haskins, in Isis, No. 23, 1925, p. 478. 
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and their causes. Grosseteste invited Greeks to England and imported 
Greek books, while his pupil, Roger Bacon, a Franciscan friar, wrote 
a grammar of the Greek language. Their aim was not literary but 
theological and philosophical, to unlock the original tongue of 
Scripture and of Aristotle. 

The new knowledge soon produced an effect on the current con- 
troversies. Realism survived, but it became less thorough and less 
Platonic. It was seen that Aristotle’s modified realism might be formu- 
lated in psychological terms which brought it nearer to nominalism. 
But in wider questions Aristotle opened up a new world of thought to 
the mediaeval mind. His general outlook, at once more rational anjl 
more scientific, was quite different from Neo-Platonism, which had 
hitherto chiefly represented ancient philosophy. His range of know^ 
ledge, both in philosophy and in the science of nature, was far greater 
than anything else then available. It was a heavy task to absorb and \ 
adapt the new material to mediaeval Christian thought, and the 
work was not effected without misgiving. Men were convinced of the 
intellectual supremacy of the Church as the recipient and interpreter 
of all revelation and of the conformity therewith of the mystical 
Neo-Platonism which represented secular learning. Hence it needed 
a real and courageous intellectual effort to accept the newly recovered 
works of Aristotle, with all the scientific or quasi-scientific knowledge 
those works contained, and to undertake the task of reconciling that 
knowledge with Christian dogma, and it is not surprising that the 
early study of Aristotle aroused alarm. At first the Arabic channels 
by which his books reached the West mingled his philosophy with 
Averroist leanings, and mystical heresies were the result. Aristotle’s 
works were condemned by a Provincial Council at Paris in 1209, and 
again later. But in 1225 University of Paris formally placed 
Aristotle’s works upon the list of books to be studied. 

' The chief of the scholars who interpreted Aristotle at this time was 
the Dominican Albertus Magnus of Cologne (1206-1280), perhaps 
the most scientific miiid of the Middle Ages. He interwove Aristotelian, 
Arabian and Jewish elements into a whole which included all con- 
temporary knowledge of astronomy, geography, botany, zoology and 
medicine, in which Albertus himself, and some of his contemporaries 
like Rufinus the botanist, made definite progress.^ 

The prevalent trend of thought may be illustrated by the develop- 
ments which followed Albertus’s teaching of Aristotle’s embryology. 
Aristotle held that in generation the female contributed substance 

* E. Michael, Geschickie d. deutschen Volkes vom 13 Jahrh.^ vol. v, part iii, 1903, p. 445 etseq. 
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and the male form* The mediaeval mind with its desire for values 
made the male element the more noble, and later on developed a 
theological embryology, in which the moment of entry of a soul into 
the embryo became the problem of supreme importance. 

The work of Albertus on one side shows affinity with his younger 
contemporaries, the Oxford Franciscans, Grosseteste and Bacon, and 
on another led directly to the more systematic philosophy of his 
famous pupil Saint Thomas Aquinas. Though his mind was cast in 
a less scientific mould than that of Albertus, the importance of 
Aquinas in the history of philosophy and of the origins of science is 
great. By carrying on Albcrtus’s work of rationalizing the existing 
stores of knowledge, both sacred and profane, he stimulated intellectual 
interests and made the Universe seem intelligible. 

Albertus Magnus and Thomas Aquinas together produced a 
revolution in thought, especially in religious thought. From Plato 
through Nco-Platonism to Saint Augustine, man was held to be a 
mixture of thinking soul and living body, each a complete entity in 
itself. Ill every soul God implants innate ideas, including some idea 
of the Divine. This scheme is easily reconciled with Christian doctrines 
such as individual survival and direct knowledge of God. 

But Aristotle put forward a quite different theory of man and 
knowledge. Neither body nor soul is a complete entity in itself, and 
man is a compound of the two. Ideas are not innate, but built up 
from sense-data by some few self-evident principles such as causation. 
Apprehension of God is not innate but has to be reached by rational 
and laborious inference. In spite of its religious difficulties, Aristotle’s 
scheme led to a better account of the external world, and for that 
reason Albertus and Aquinas accepted it, and Thomas courageously 
and skilfully set to work to reconcile it with Christian doctrines. 

But Aristotle’s philosophy, more scientific than that of Plato, was 
still discordant with the new knowledge of the Renaissance, so, when 
his writings had been accepted and become authoritative, they delayed 
for many years the liberation of scientific thought from the trammels 
of theology, for to Saint Thomas’s Aristotelianism was mainly due the 
predominantly hostile attitude both of academic secular learning and of 
the Roman Church towards the initial development of modern science. 

Thomas was the son of a Count of Aquinum and was born about 
1 225 in Southern Italy. At the age of eighteen he joined the Dominican 
Order. He studied at Cologne under Albertus Magnus, taught at 
Paris and Rome, and, after a life of incessant activity, died in 1274 
at the age of forty-nine. 
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His greatest works, the Summa Theologiae and the Summa Philo- 
sophica contra Gentiles^ the setting forth of Christian icnowledge for the 
ignorant, recognize two sources of knowledge : the mysteries of the 
Christian faith as transmitted through the channels of Scripture, of 
the Fathers and of Christian tradition, and the truths of human 
reason — not the fallible individual reason, but the fount of natural 
truth of which the chief exponents were Plato and Aristotle. The two 
sources cannot be opposed, since they both flow from God as the one 
source. Hence philosophy and theology must be compatible, and 
a Summa Theologiae should contain the whole of knowledge; even the 
existence of God can be demonstrated by reason. But here Thoma^ 
Aquinas parts company with those who went before him. Erigena 
and Anselm, under the more mystical Neo-Platonism, sought to prove 
the highest mysteries of the Trinity and the Incarnation. But Thomas, 
under the influence of Aristotle and his Arabic commentators, held 
that these mysteries could not be proved by reason, though they can 
be examined and apprehended thereby. These doctrines, accordingly, 
are henceforth detached from the sphere of philosophic theology, and 
transferred to that of faith. 

Throughout his work Aquinas’s interests are intellectual. Perfect 
beatitude of any created rational being lies in the action of the 
intelligence directed to the contemplation of God. Faith and revela- 
tion are belief in a proposition and presentment of truth. It is an 
entire fallacy to suppose that Scholasticism and the later orthodox 
Roman theology which is derived from it are opposed to, or belittle, 
human reason. That was the attitude in early days, when, for instance, 
Anselm feared the use of reason by the nominalists of his time. But 
the later Scholastics did not decry it. On the contrary, they regarded 
human reason as formed for the purpose of apprehending and ex- 
amining both God and nature. They profess to give a rational account 
of the whole scheme of existence, though to us their premises may be 
doubtful. 

Aquinas’s scheme whs framed in accordance with Aristotle’s logic 
and science. His logic, known already through compendiums, 
acquired a wider influence when a rational synthesis of knowledge was 
attempted. Based on the syllogism, it professed to give rigorous proof 
from accepted premises. It led naturally to the idea of knowledge 
derived from intuitive axioms on the one side, and authority — that 
of the Catholic Church — on the other. It was singularly ill adapted 
to lead men to, or guide them in, the experimental investigation of 
nature. 
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Aquinas also took over from Aristotle and from the Christiati Thonm 
doctrine of the day the assumption that man is the centre and object 
of creation, and that the world is to be described in terms of human 
sensation and human psychology. Aristotle’s physics, his weakest 
scientific subject, made all this possible. A striking anticipation of 
more modern physical views was contributed by Democritus when he 
said: “According to convention there is a sweet and a bitter, a hot 
and a cold, and according to convention there is colour. In truth 
there are atoms and a void.” This theory is that of modern objective 
physics, which seek to get behind crude sensation and discover the 
workings of nature irrespective of man. But, as we know, Aristotle 
rejected it all, and would have none of the atomic concepts. To him 
a material body was not, as to Democritus, a collection of atoms, or, 
as to us, something which has to be conceived as possessing mass or 
inertia, and other definite physical, chcmacal and perhaps physio- 
logical properties. It was a subject or an entity about which can be 
said things which fall into certain categories. First it is substance, 

“that which is not asserted of a subject but of which everything else is 
asserted”; for example, man, bread, stone; though Aristotle was not 
thinking of a concrete thing but of an essential nature. Then it has 
qualities, heaviness, hotness, whiteness; and, of less importance, it can 
be said to have existed in some place and at some time. These arc all 
accidents, less fundamental than substance, but an integral part of the 
subject at any given moment. 

In the nineteenth century all this would have seemed futile and 
almost meaningless, though we are able to recast it in more modern 
form nowadays. But points of view held in the nineteenth or twentieth 
century would have been equally foreign to men of the Middle Ages, 
and their attitude of mind had important historical consequences. 

If heaviness is a natural quality opposed to lightness, it is easy to see 
how Aristotle arrived at his doctrine of natural places, according to 
which heavy bodies tend downward and light ones upward, so that 
the heavier a body the faster it falls. On this point the Scholastics 
quarrelled with Stevin and Galileo. Furthermore, Aristotle’s dis- 
tinction of the underlying substance from the appearances, accidents 
or species made the doctrine of transubstantiation, an article of 
faith since 1215, seem natural to the mediaeval mind, even when 
mystical Neo-Platonism had been replaced by rational Aristotelian 
Thomism. 

Aquinas accepted the Ptolemaic system of astronomy, but it is a 
remarkable fact that he regarded it merely as a working hypothesis— 
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^^non est demonstratio sed suppositio quaedam^\^ But Saint Thomas’s 
caution was overlooked, and the geocentric theory became part of the 
Thomist philosophy. As man was the object of creation, so the 
Earth was the centre of the Universe, and round it revolved concentric 
spheres of air, aether and fire — “the flaming walls of the world” — 
which carried the Sun, stars and planets. Mediaeval pictures of the 
Day of Judgment show how naturally this view led to the vision of 
heaven localized above the sky, and hell beneath the ground. Within 
the premises given by contemporary Christian dogma and Aristotelian 
philosophy, the scheme was worked out with subtlety and skill, and, 
accepting the premises, it all held together in a consistent ancjl 
convincing whole. \ 

Aristotle’s doctrine of the eternity of the world was rejected as' 
irreconcilable with an act of creation in time, but in other respects I 
even the details of Aristotle’s science were brought into line. From 
the idea that all motion implies a continual exertion of force, Aquinas 
deduced results in accordance with the theology of his age, such as 
Movetur igitur corpus celeste a substantia intellectuali. The deductions being 
regarded as verified, the premises became strengthened, and thus the 
whole of natural knowledge was welded with theology into one rigid 
structure, the parts of which were believed to be interdependent, so 
that an attack on Aristotelian philosophy or science became an attack 
on the Christian faith. 

In the Thomist philosophy, both body and mind are realities, but 
there is none of the sharp antithesis between them first formulated by 
Descartes and so familiar in later ages. Aquinas was not troubled by 
such modern metaphysical difficulties as the relation between these 
two apparently incommensurable entities, or the allied problem of 
how natural knowledge comes to be possible to the mind of man. 
There was as yet no need for this analysis ; it only became necessary 
four centuries later, when Galileo had shown that, from the dynamical 
point of view, the Aristotelian concept of substance with its qualities 
had to be replaced by the idea of matter in motion, and that accidents 
like colour, sound and taste were not inherent qualities of the sub- 
stance, but mere sensations in the mind of the recipient. In the 
thirteenth century these ideas would have been incomprehensible, 
and the difficulties involved in them would have been meaningless. 

In Saint Thomas Aquinas, Scholasticism reached its highest level. 
Its grip on the human mind was intense and prolonged. Though the 
surviving Scholastics opposed the new experimental science after the 
* Lib. Physicorum, i, cap, 2, lect. m, 7. 
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Renaissance, it was the thorough rationalism of their system that Thomas 
formed the intellectual atmosphere in which modern science was born . 

In one sense, science was a revolt against this rationalism, an appeal 
to brute facts whether conformable to a preconceived rational scheme 
or not. But underlying it is the necessary assumption of the regularity 
and uniformity of nature. As Dr Whitehead has pointed out,^ the idea 
of an inevitable fate — the central theme of Greek tragedy — passed 
down through the Stoic philosophy to Roman Law, which was based 
on the moral principles of that philosophy. In spite of the anarchy 
which followed the fall of the Empire, the sense of legal order always 
survived, and the Roman Church upheld the universalist traditions 
of imperial rule. The philosophic rationalism of the Schoolmen arose 
from and fitted into a general ordered scheme of thought, and pre- 
pared for science the belief that “every detailed occurrence can be 
correlated with its antecedents in a perfectly definite manner, ex- 
emplifying general principles. Without this belief the incredible 
labours of scientists would be without hope”. “The habit remained 
after the (scholastic) philosophy had been repudiated, the priceless 
habit of looking for an exact point and of sticking to it when found. 

Galileo owes more to Aristotle than appears on the surface ... he owes 
to him his clear head and his analytic mind.” And “the pilgrim 
fathers of the scientific imagination as it exists to-day,. are the great 
tragedians of ancient Athens, Aeschylus, Sophocles, Euripides. Their 
vision of fate remorseless and indifferent, urging a tragic incident to 
its inevitable issue, is the vision possessed by science”. 

The thirteenth century saw the triumphant and applauded work Roger BacorP- 
of Thomas Aquinas, the greatest exponent of the scholastic philosophy, 
and it saw also the tragic life of Roger Bacon, the only man in Europe 
throughout the Middle Ages, as far as records have reached us, who 
approaches in spirit either the great Arabians who preceded him or 
the men of science of the Renaissance who followed. The tragedy of 
Bacon’s life was as much internal as external, as much due to the 
necessary limitations of his modes of thought in the existing intellectual 
environment, as to the persecutions of ecclesiastical authority. 

Roger Bacon was born about the year 1210, near Ilchester, in the 
Somerset fens. His family seem to have been people of position and 
considerable wealth. Roger studied at Oxford, where he came under 
the influence of two men, both East Anglians, Adam Marsh, the 

* A. N. Whitehead, Science and the Modern World, Cambridge, 1927^ PP- u-iS- 

2 E. Charles, Roger Bacon, sa Vie, ses Ouvrages, ses Doctrines, Paris, ^ 1861 ; The Opus Majus 
of Roger Bacon, translated by R. B. Burton, Philadelphia, 1928; G. Sarton, Introduction to the 
History of Science, vol. ii, p. 952, 
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Roger Bacon mathematician, and Robert Grosseteste, Chancellor of Oxford, and 
afterwards Bishop of Lincoln. “But one alone knows the sciences, 
the Bishop of Lincoln”, said Bacon; and again, “In our days Lord 
Robert, lately Bishop of Lincoln, and brother Adam Marsh were 
perfect in all knowledge”. 

Grosseteste seems to have been the first in England, perhaps in 
Western Europe, to invite Greeks to come from the East as instructors 
in the ancient form of their language, which was still read at Con- 
stantinople. Bacon himself was equally impressed with the importance 
of the study of the original language of Aristotle and the New Testa- 
ment, and put together a book on Greek grammar. He was nevq|'r 
tired of insisting that the prevailing ignorance of the original tonguis 
was the cause of the failure in theology and philosophy of which he 
accused the doctors of the time. In anticipation of modern textual', 
criticism, he pointed out how the Fathers adapted their translations , 
to the prejudices of their age, and how subsequent corruptions must 
have crept in through carelessness and ignorance, or by that tampering 
with the text which had gone on, especially among the Dominicans. 
Bacon himself, be it observed, was a Franciscan. 

But that which marked Bacon out from among the other philo- 
sophers of his time — indeed of the whole of the European Middle 
Ages — was h^ clear understanding that experimental methods alone 
give certainty in science. This was a revolutionary change in mental 
attitude, only to be appreciated after a course of study of the other 
writings of his day. Bacon read all the authors he could reach, Arabic 
(probably in Latin translations) as well as Greek, but instead of 
accepting the facts and inferences of natural knowledge from Scripture, 
the Fathers, the Arabians, or Aristotle, Bacon told the world that the 
only way to verify their statements was to observe and experiment. 
Here again was an anticipation, this time of the doctrine of his more 
famous namesake, Francis Bacon, Lord Chancellor of England, who 
lived three hundred and fifty years later, and seems to have made use 
of some of his predecessor’s ideas. This comes out especially in his 
analysis of the causes of human error. These are taken by Roger to be : 
Undue Regard to Authority; Habit; Prejudice; False Conceit of 
Knowledge: an analysis to which Francis’s four Idola bear too great 
a likeness to be accidental. 

In spite of his writing, Roger does not appear to have done much 
experimenting himself except in optics, on which he spent a con- 
siderable sum of money, though the results he obtained seem to be 
meagre. After spending some years in Paris, where he was made a 
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doctor, he returned to Oxford. The growing suspicion of his labours, Roger Bacon 
however, soon caused him to be sent back to Paris, apparently for 
more strict supervision by his Order, and he was forbidden to write 
or to teach his doctrines. But now came the chance of Roger Bacon’s 
lifetime. 

Guy de Foulques, an open-minded jurist, warrior and statesman, 
who had become interested in Bacon’s work at Paris, was elected 
Pope, taking the name of Clement IV. Bacon wrote to him, and in 
reply Clement sent a letter to Dilecto filio, Fratri Rogerio dicto Bacon, 

Ordinis Fratrum Minorum, commanding him, notwithstanding the pro- 
hibition of any prelate or the constitution of his Order, to write out 
the work for which he had formally asked permission. For some 
unknown reason, the Pope added an injunction of secrecy, which 
increased Brother Roger’s difficulties. As a friar he was pledged to 
poverty, but, by borrowing from friends, he got together enough to 
provide materials, and in 1267, after some fifteen or eighteen months, 
he despatched three books to Clement: an Opus Majus, containing his 
views at length; an Opus Minor, or epitome; and an Opus Teriium, sent 
after the others for fear of miscarriage. From these books we chiefly 
know his work, though some still remains in manuscript.^ 

Clement died soon after, and Bacon, deprived of his protection, 
sufl'ered without redress a sentence of imprisonment passed in 1277 
by Jerome of Ascoli, General of the Franciscans, who became Pope 
Nicholas IV. It is probable that Bacon was not released until the 
death of Nicholas in 1292. In that year he wrote a tract called 
Compendium Theologiae, and thereafter we hear no more of the great 
friar. 

Bacon, for all his comparatively advanced outlook, accepted most 
of the mediaeval attitude of mind. No man can do more than advance 
a little way in front of the ranks of that contemporary army of thought 
to which, whether he will or no, he belongs. Naturally Bacon pictured 
the Universe as bounded by the sphere of the fixed stars with the 
Earth at the centre. He accepted the absolute authority of Scripture, 
could the pure text be recovered, and the entire frame of dogmatic 
theology in which Christianity was presented to that age. A more 
hampering preconception was his agreement with the scholastic view, 
which in other ways he assailed vehemently, that the end of all 
science and philosophy was to elucidate and adorn their queen, 
theology. Hence came some of the confusion and the inconsistencies 
which at every turn arc seen in his writings, mixed with originality 
1 S. H. Thomson, Isis, No. 74, Aug. 1937, p. 219. 
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Roger Bacon and insight far beyond his time and even in advance of the next three 
centuries. Struggle as he might, he never cast off the mediaeval habit 
of mind. 

It is one of the signs of Bacon’s greatness that he realized the 
importance of a study of mathematics both as an educational exercise 
and as a basis for other sciences. Mathematical treatises translated 
from the Arabic were becoming available. They often contained 
astrological applications. Astrology was a form of fatalism or deter- 
minism incompatible with the Christian doctrine of free-will, and 
mathematics and astrology were chiefly studied by Muhammadans 
and Jews. Hence both got a bad name and were associated with 
black arts. But Bacon, with the courage of his convictions, proclaims 
that mathematics and optics, which he called perspective, must 
underlie other studies. Both these sciences, he says, are understood 
by Robert of Lincoln. Mathematical tables and instruments are\ 
necessary, though costly and liable to destruction. He pointed out 
the errors of the calendar, and calculated that it had gained one day 
in excess for each 130 years. He also gave a long description of the 
countries of the known world, estimated its size, and supported the 
theory of its sphericity. In this he influenced Columbus. 

He seems to have become specially interested in light, probably 
through a study of the Latin version of the works of the Arabian 
physicist Ibn-al-Haitham. Bacon described the laws of reflection and 
the general phenomena of refraction. He understood mirrors and 
lenses and described a telescope, though he does not appear to have 
made one. He gave a theory of the rainbow as an example of inductive 
reasoning. He criticized the errors of physicians.^ 

He described many mechanical inventions, some actually known 
to him, and some as possibilities for the future, among the latter 
mechanically driven ships, carriages and flying machines. He con- 
sidered magic mirrors, burning glasses, gunpowder, Greek fire, the 
magnet, artificial gold, the philosopher’s stone, all in a confused 
mixture of fact, prediction and credulity. In the Mirror of Alchemy he 
still held the Alexandrian theory of all things striving towards im- 
provement. “Nature ”, he wrote, “tries ceaselessly to reach perfection 
—that is, gold.” 

In trying to appraise the value of Bacon’s work we must not forget 
that his fame would have rested on popular tradition of his magic had 
i^ot Pope Clement commanded him to write his books. Doubtless 
others besides Bacon were touched by the same interests but have 
‘ M. C. Wclbom, /jw, No. 52, 1932, p. 26. 
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failed to leave direct traces. Indeed, reflections of the work of such Roger Bacon 
men are found in Bacon’s own writings, where he s^ys, “There are 
only two perfect mathematicians, Master John of London, and Master 
Peter de Maharn-Curia, a Picard Master Peter recurs when Bacon 
deals with experiment. 

There is one science, he says, more perfect than others, which is 
needed to verify the others, the science of experiment, surpassing the 
sciences dependent on argument, since these sciences do not bring 
certainty, however strong the reasoning, unless experiment be added 
to test their conclusions. Experimental science alone is able to 
ascertain what can be effected by nature, what by art, what by fraud. 

It alone teaches how to judge all the follies of the magicians, just as 
logic can be used to test argument. This method of experiment no one 
understands save Master Peter alone; he* indeed, is dominus experi- 
mentorum, but cares neither to publish his work, nor for the honours 
and riches (or perhaps the dangers) it would bring. 

But whatever be the truth about these phantom figures which flit 
across Bacon’s pages, it is clear that Friar Roger himself was in spirit 
a man of science and a scientific philosopher, born out of due time and 
chafing unconsciously against the limitations of his own restricted 
outlook, no less than against the external obstacles at which he rails 
so openly and so often; a true harbinger of the ages of experiment, of 
whom Somerset, Oxford and England may well be proud. 

Roger Bacon’s criticism of the Scholasticism of Aquinas, though The Decay of 
sound from the modern point of view, was out of harmony with the Scholasticism 
prevailing spirit of the time, and consequently produced little effect. 

Much more damaging were the philosophic attacks on Scholasticism 
which began towards the close of the century. Duns Scotus (c. 1265- 
1308), who taught at Oxford and Paris, enlarged the theological 
ground which even Aquinas had reserved as beyond the demonstra- 
tion of reason. He based the leading Christian doctrines on the 
arbitrary Will of God, and took free-will as the primary attribute of 
man, placing it high above reason. Here is the beginning of a revolt 
against the union of philosophy and religion which the Scholastics 
sought, and his age believed Thomas Aquinas to have finally and con- 
clusively achieved. A revival of dualism appears, essentially un- 
satisfying and incomplete, yet necessary as a stage of progress in order 
that philosophy may be set free from its bondage as the “handmaid 
of theology”, free in fertile union with experiment to give birth to 
science. At the end of the thirteenth century and at the beginning of 
the fourteenth the Thomists and Scotists divided the philosophical 
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ai^d theological world between them, while, on the literary side, a 
definite revolt against the shackles of authority appeared in Italy. 

The process begun by Duns Scotus went much further in the 
writings of William of Occam, a native of Surrey (d. 1347), who 
denied that any theological doctrines were demonstrable by reason, 
and showed the irrational nature of many of the doctrines of the 
Church. He attacked the extreme theory of papal supremacy, and 
headed a revolt of Franciscans against the control of Pope John XXII. 
His writings in defence of this action led to his trial for heresy and 
imprisonment at Avignon. He escaped, however, and sought the pro- 
tection of the Emperor Louis of Bavaria, whom he aided in a loijg 
controversy with the Pope. 

This principle of the twofold nature of truth, the acceptance b' 
faith of the doctrines of the Church, and the examination by rcasoi\ 
of the subjects of philosophy, was bound up with the revival ol^^ 
nominalism, a belief in the sole reality of individual things, and the 
'reference of universal ideas to the rank of mere names or mental con- 
cepts, a view held especially by Jean Buridon of Paris (c. 1350). In 
their efforts to derive the individual from the universal, the realists 
had been led to one abstraction after another. This complication was 
criticized in a statement called “Occam’s razor,” Entia non sunt 
multiplicanda praeter necessitatem. Here is a forecast of the modern 
objection to unnecessary hypotheses. By the revival of nominalism 
stress was laid on the objects of immediate sense perception, in a spirit 
that distrusted abstractions and made eventually for direct observation 
and experiment, for inductive research. 

The new nominalism was opposed and banned by the Church, and 
Occam’s writings condemned by the University of Paris, which tried 
to impose realism as late as 1473. But irresistibly the doctrine spread, 
and a few years afterwards the show of resistance was abandoned. 
Chancellors of the Universities and Cardinals of the Church became 
nominalists, and Martin Luther based much of his teaching on the 
writings of Occam. Finally Rome returned to the modified realism of 
Aristotle, and in 1879 an encyclical message from Pope Leo XIII 
re-established the Wisdom of Saint Thomas Aquinas as the official 
Roman philosophy. 

Nevertheless, the work of Occam marked the end of the mediaeval 
dominance of Scholasticism. Thenceforward philosophy was more 
able to press home its enquiries free from the obligation to reach con- 
clusions foreordained by theology, and, on the other side, religion was 
for a time detached from rationalism, and was given an opportunity 
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for the development of its no less important emotional and mystical Th Decay of 
aspects. Hence the fourteenth and fifteenth centuries saw the growth ^^holastidsm 
of a new mysticism, especially in Germany, and the appearance of 
many types of religious experience still known and of value. 

Another prominent ecclesiastic who helped to overthrow Scholasti- 
cism was Cardinal Nicholas of Cusa (1401-1464), who maintained 
that all human knowledge is mere conjecture, though God can be 
apprehended by mystical intuition and comprehends all that is. Tliis 
led Cusa to views which passed into a form of pantheism afterwards 
adopted by Bruno. In spite of his views about knowledge, Nicholas 
made notable advances in mathematics and physical science, and 
showed by the balance that a growing plant takes something of weight 
from the air. He proposed a reform of the calendar, made a good 
attempt to square the circle (i.e. to find a square equal in area to a 
given circle), and anticipated Copernicus by rejecting the Ptolemaic 
system and supporting the theory of the rotation of the Earth. Nicholas, 

Bruno and the astronomer Novara held that motion is relative and 
only number absolute,^ thus, on the philosophic side too, preparing 
the way for Copernicus. Geographical knowledge was increased by 
Marco Polo of Venice (1254-1324) by his overland travels in Asia. 

The task of the Middle Ages was accomplished ; the ground was 
prepared for the Renaissance, with humanism, art, practical dis- 
covery, and the beginnings of natural science, as its characteristic 
glories. With the passing of the universal supremacy of Scholasticism 
we turn a new page in history. 

To the historian of science mediaeval times are the seed-bed of 
modern growth. The Arabian school kept alive the memory of Greek 
learning and made considerable original contributions to our know- 
ledge of nature. Both there and in the West the practical arts slowly 
made way, thougli with little repercussion on general thought. Dis- 
tillation was practised from the twelfth dentury onwards, convex 
lenses for spectacles and other uses, mostly made in Venice, appeared 
about 1 300, though concave lenses came two centuries later. Industry 
produced chemical reagents such as sulphuric and nitric acids. But 
systematic experiment made little progress, and it may be said that 
Western men of learning had no experimental science of their own 
till Roger Bacon wrote about it. Later some mathematicians appeared, 
especially Richard Swineshead (fl. 1 350) and John Holbrook (d. 1437) . 

But the interest for us of mediaeval thought in Europe is that of tracing 
‘ L. R. Healh, The Concept of Time, Chicago, 1936. 
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the changing attitude of the human mind as it passes through states 
where science would have been impossible to a condition in which 
its rise follows naturally from the philosophic environment. 

The exponents of Scholasticism took the attitude of interpreters ; 
original experimental investigation would have been foreign to their 
ideas. Yet their rational intellcctualism kept alive, indeed intensified, 
the spirit of logical analysis, while their assumption that God and the 
world are understandable by man implanted in ihe^ best minds of 
Western Europe the invaluable if unconscious belief in the regularity 
and uniformity of nature, without which scientific research woul(^ 
never be attempted. As soon as they had thrown off the shackles cif 
scholastic authority, the men of the Renaissance used the lessons which 
scholastic method had taught them. They began observing in the 
faith that nature was consistent and intelligible, and, when they had\ 
framed hypotheses by induction to explain their observations, they ' 
deduced by logical reasoning consequences which could be tested by 
experiment. Scholasticism had trained them to destroy itself. 

In a sense we have seen only the worst aspect of the Christian 
Middle Ages : they arc weakest in the special department of thought 
necessary for scientific enquiry. We have but glanced at their work 
of forming and consolidating the nations of Europe. We have not 
touched on their wonderful achievements in literature and art. The 


Chanson de Roland is to us but a sign that culture has become national ; 
the later romances of chivalry are outside our ken. Dante’s Divina 
Commedia has for us little significance, save as the enshrinement in 
poetry of the concepts of Thomas Aquinas. The glories of cathedral 
architecture are to us but illustrations of the growth of the builder’s 
art. Even mediaeval religion, which on its philosophic side has con- 
cerned us nearly, does not in its essence touch our enquiry. Its saving 
faith in its divine Founder, its spirit of humble reverence and love for 
all mankind, its message of salvation to suffering humanity, are hidden 
from our eyes. We meet Saint Bernard, the suspicious Inquisitor, but 
Saint Francis of Assisi, loving, joyous, simple-hearted, does not appear 


in our pages. 
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After the ihirtceixth century there was a pause in the intellectual 
development of Western Europe. TKe economic and social confusion 
caused by the Black Death and the Hundred Years’ War gave little 
hope of a settled life or quiet study, and the mental activity which had 
carried the scholastic philosophy to its height seemed to be exhausted. 

Nevertheless, there was a continual process of change in the 
intellectual outlook of mankind, and we may trace, throughout this 
period of transition, the various streams of thought which, when they 
met in full vigour, formed the great flood of the Renaissance. The 
loosening of scholastic ideas by the solvent influence of the philosophy 
of Duns Scotus and William of Occam has already been indicated, 
and the flight of Occam from a papal prison to the protection of Louis 
of Bavaria marks a significant revolt against the power of the Church, 
a setting up, for good or evil, of the rights of nationalities against the 
universalist tradition of ecclesiastical authority. 

The spirit of the Renaissance first became apparent in Italy, then 
slowly recovering from the devastation of earlier times. Perhaps living 
among the remains of Roman architecture made it easier for men to 
return to a love of the classics. A vigorous Northern race had colonized 
North Italy, and formed an upper class, not yet exterminated by those 
local wars between Italian States, which then and afterwards proved 
so fatal to the nobility. But other lands had purer Northern blood, 
and the reason for Italian pre-eminence in the pursuit of learning 
must be sought elsewhere. One clue is given by Salimbene of Parma, 
a thirteenth-century Franciscan, who remarks on the difference 
between Italy and other countries in one significant particular. In 
the regions north of the Alps, he says, only the townsfolk dwell in the 
towns, while the “knights and noble ladies” live on their estates and 
superintend the management of their lands in feudal isolation; but 
in Italy the upper classes possess houses in the cities and there spend 
most of their time. 
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Now, while it is true that the countryside gains by the habitual 
presence of its natural leaders, yet, in an age of slow communication, 
country life gives little opportunity for that contact of mind with 
mind which leads to intellectual culture and creation. On the other 
hand, the city life of the leisured and intelligent classes in Northern 
Italy gave an ideal environment for the birth of the Renaissance. 

The Renaissance was very far from being exclusively literary. 
Many other influences conspired to produce an unprecedented in- 
tellectual ferment, though the literary element was the earliest and 
one of the most important. Its harbinger was Petrarch (1304-1374), 
in whom wc see a spirit quite unlike the scholastic mediaevalism which 
underlay the poetry of Dante. Petrarch was the first scholar who 
tried to restore a taste for good classical Latin, in place of the dog- 
Latin of the Schoolmen, and, more important still, to recover tht 
true spirit of classical thought, with its claim for liberty of the reason.\ 

Petrarch sang before his time, but in the early years of the fifteenth 
century a growing interest in classical literature attracted many 
Greeks from the East, who, from their knowledge of the modern 
tongue, were able to teach its ancient prototype. The capture of 
Constantinople by the Turks in 1453 hastened this process, and led 
to the arrival of many competent teachers, who brought manuscripts, 
with them to their new homes. The search for manuscripts became 
a fashionable pursuit; the monastic and cathedral libraries of Italy 
and Northern Europe were ransacked, and merchant princes with 
agents in the Levant used all their resources to procure the copies of 
Greek writings which had remained hidden in the East or had been 
scattered when Constantinople fell. In this way the language of 
ancient philosophy and science became familiar to Western scholars 
after a lapse of some eight or nine hundred years. 

Of even more value than the language was the spirit of free enquiry 
it enshrined, and the impulse towards study of all kinds that “humane 
letters” gave once ©lore to Europe after centuries of mediaevalism. 
Though the modes of thought due to an authoritative religion made 
men prone to accept authority in secular literature also, and the stress 
laid on the teachings of the Greek philosophers had consequent 
dangers, nevertheless the humanists prepared the way for the coming 
revival of science, and played the chief part in that widening of the 
mental horizon which alone made science possible. Without them, 
men with scientific minds would never have thrown off the in- 
tellectual fetters of theological preconception; without them, external 
obstacles might have provejJ insurmountable. 
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Humanism was brought to the north of Europe by students who 
had worked under teachers of the New Learning in Italy. One of the 
earliest was Johann Muller (1436-1476), born at Konigsberg and 
hence called Regiomontanus, perhaps the first to combine science 
with humanism. He translated into Latin the works of Ptolemy and 
other Greek writers, and in 147 1 founded an observatory at Niirnberg, 
where he made a weight-driven clock and several astronomical instru- 
ments. His Ephemerides, the precursors of nautical almanacs, were 
used by the Spanish and Portuguese explorers.^ Other mediaeval 
clocks survive in England at Wells and Ottery St Mary. 

But the main current of the German Renaissance led through 
Scriptural study to the Reformation. Germany gained new intellectual 
vigour and interests, but did not adopt the Italian ideal of self-culture, 
nor the Italian refinement of paganism. In France the Italian spirit 
proved congenial, and the movement was more humanist and 
aesthetic than in Teutonic lands. 

The great figure of the northern Renaissance was Desiderius 
Erasmus (1467-1536), born at Rotterdam but wfll known in many 
countries. To him humanism was chiefly a means of bringing the 
civilizing influence of knowledge to combat the chief evils of the day : 
monastic illiteracy. Church abuses, scholastic pedantry, and low 
standards of public and private morality. Scholastic theologians used 
isolated texts artificially interpreted, but Erasmus set out to show all men 
what the Bible really said and meant, and the early Fathers taught. 

For one bright interval, culminating with Pope Leo X ( 1 5 1 3-1 52 1 ) , 
the Vatican itself was a vitalizing centre of the ancient culture. But 
the capture of Rome by the Imperial troops in 1527 broke up this 
new world of intellectual and artistic life, and soon afterwards the 
Papacy, by reversing its previous policy of liberal guidance, and 
opposing blindly when it was no longer able to understand or to 
control, became an obstacle in the path of modern learning. 

Paper had been invented in China at about the end of the first 
century of the Christian era, being traditionally credited to one Tsai 
Lun, and block printing appeared about the eighth century. The 
introduction of the art of paper-making into Europe followed the later 
Crusades, and about a century afterwards the invention of movable 
type transformed the old attempts at printing with fixed moulds into 
a practical and useful art, which replaced the tedious process of 
manual writing on parchment and made books more abundant. 

Simultaneously, a renewed ardour for geographical discovery 

‘ Cambridge Modem History, vol. i, Cambridge, 1902, p. 571. 


Th Origins 
of the 

Renaissance 


7-2 



100 


THE RENAISSANCE 


The Origins 
of the 
Renaissance 


became apparent. In writing of “all natural things” in the middle 
of th6 fifteenth century, Giovanni da Fontana, a military engineer, 
gives many geographical facts and fancies.^ In spite of the primitive 
state of the art of navigation, the area of the Earth known to Europe 
was rapidly increased. A measurement of the Sun’s maximum altitude 
by a cross-staff or a circular “astrolabe” gave a rough value of 
latitude, but no satisfactory determination of longitude was possible. 
The first sea chart seen in England is said to have arrived in 1489. 

The Portuguese, guided by Arabic and Jewish astronomy, were 
the first to explore, and, under the inspiration of Prince Henry th^ 
Navigator, they discovered the Azores in 1419 and later the wesleri 
shores of Africa, first on a mission to convert the heathen and fina 
a route to India free of Muslim interference, and then in a search for i 
slaves and gold. India was first reached round the Cape of Good ; 
Hope by Vasco da Gama in 1497. Prince Henry established an 
observatory at Sagres, near Cape St Vincent, to obtain more accurate 
tables of the declination of the Sun. The success of the Portuguese en- 
couraged others to emulate them. The Greek theory of the sphericity of 
the Earth, familiar for several centuries to the makers of cosmogonies, 
now became a generally accepted belief ^ It led to the obvious idea, 
which indeed the Greeks themselves, among others Posidonius, had 
propounded, that, by sailing westward into the Atlantic Ocean, the 
eastern shores of Asia might be reached, and the rich trade of India 
and Cathay brought direct by sea to Europe. After many failures, 
there came the man and the hour. Christopher Columbus, born at 
Cogoletto on the Ligurian coast of North Italy, after overcoming many 
obstacles, sailed from Palos in Andalusia under the patronage of 
Ferdinand and Isabella, and succeeded in reaching the Bahamas 
on October 12th, 1492. Twenty-four years later, Magalhaes’ vessel 
returned after a three years’ voyage, having demonstrated the spherical 
nature of the Earth by the convincing proof of circumnavigation. It 
was unfortunate for the early circumnavigators that they all sailed to 
the west, and thus had the prevailing winds against them. To circle 
the globe from west to east would have been a much easier task. 

The wider mental outlook produced by these great, voyages of 
discovery was not their only effect on the human mind, though it was 
the most direct. As trade with the new lands expanded, a great 
stimulus was given to home industry and commerce, and thus the 


‘ First published in 1544 and falsely assigned to Pompilius Azalus. See L. Thorndike, 
Isis, Feb. 1931, p. 31- 

* E. G. R. Taylor, Historical Association Pamphlet, No. 126. 
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material resources of Europe and the total wealth of the inhabitants 
increased. This increase was brought about in two ways. In the first 
place, there was the well-recognized growth due to new markets and 
sources of supply, and their direct and indirect economic effects. And 
secondly, we can see in the light of recent experience that a monetary 
factor was also involved. Money is but a token and is not itself wealth ; 
but a variation in the total amount of money in circulation causes 
great economic changes through its influence on prices. An increase 
in trade and industry is often hindered by the failure of currency and 
credit to expand with it. This deficiency leads to a fall in the general 
price level, a fall which, unlike the real cheapening due to an improve-- 
ment in the methods of production, depresses industry and thus 
checks the development of civilization and of learning as part of it. 
But, after the exploitation of the New World, its treasures of gold and 
silver, one or other of which was used as a standard, more than 
supplied the currency needed by expanding trade. Money became 
plentiful and cheap, that is, prices rose. In a time of rising prices, 
both producers and traders make profits. Furthermore, fixed charges 
on industry — fixed in terms of money — become less onerous: the 
customary manorial rents, for example, in the sixteenth century, fell 
to a nominal charge as their real value in goods and services decreased. 
Hence both production and trade became profitable. Wealth, and 
the leisure for intellectual pursuits which wealth gives, spread into 
wider circles than had been reached with the slender resources of 
mediaeval times. 

It is worthy of note in the history of mankind that the three periods 
in which the most surprising intellectual developments are found, the 
crowning age of Greece, the Renaissance, and the century which 
includes our own day, arc all of them times of expansion, geo- 
graphically and economically, and therefore also of increased wealth 
and opportunities for a leisured life. In Greece that life was founded 
on a basis of slavery, at the Renaissance it was produced by the 
wealth of the Indies, and in the nineteenth century by the Industrial 
Revolution. In Greece the age of intellectual triumph was followed 
all too soon by political disintegration, in a nation always compara- 
tively small in numbers. In modern times the Renaissance ushered 
in a period of four hundred years during which the power of the 
nations of Europe increased enormously, and the steady growth in 
population continually put more and more able men at the service 
of learning, till the enquirers immeasurably exceeded in number the 
philosophers of ancient Greece. It is perhaps well to bear in mind 
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this fact when exalting modern achievements in the realms of science. 
Moreover, it is impossible to tell whether this growth in knowledge 
will continue, whether indeed an adequate supply of the able men 
who make it possible will be forthcoming in the social and economic 
conditions which may possibly appear. 

It has often been argued that when we have traced what we know 
of the different tendencies which combined to make up the Renais- 
sance, and have given due weight to them all, we still cannot but feel 
that the attempt to explain by obvious causes the amazing change of 
mental attitude produced in so short a time is not wholly successful., 
As Bishop Creighton said,^ I 

“After marshalling all the forces and ideas which were at work to produce” this 
change, the observer “still feels that there are behind all these an animating spirit 
which he can but most imperfectly catch, whose power blended all else together 
and gave a sudden cohesion to the whole. This modern spirit formed itself with 
surprising rapidity, and we cannot fully explain the process.” 

In reply to these arguments three points may perhaps fairly be 
made. Firstly, the stimulating effect on civilization of the fertilizing 
stream of gold and the consequent steady and long-continued rise 
in the general level of prices has not hitherto been fully realized. 
Secondly, we must remember that wc possess records of but a tithe 
of the intellectual efforts of the time. Few men then put their thoughts 
on paper, and of the writings of those few not all have reached us. In 
Italian city life, knowledge and the change of outlook which know- 
ledge brings must have passed from man to man by word of mouth 
rather than by writings, and the influence of direct personal inter- 
course must have been immense. Thirdly, when a number of factors 
are at work, the total effect at the beginning is but the sum of the 
separate effects. But there comes a time when the effects overlap and 
intensify each other; cause and effect act and react. And so it is with 
all the material, moral and intellectual factors involved in the changes 
of the sixteenth century — somewhat suddenly they passed the critical 
stage, Growing wealth increased knowledge, and new knowledge in 
its turn increased wealth. The whole process became^cumulative, and 
advanced with accelerating speed in the irresistible torrent of the 
Renaissance. 

The influence of personality, doubtless especially strong in the full 
life of Italian cities, is difficult to trace historically. For the most part, 
we can only catch glimpses here and there of the power of outstanding 
figures. But the full grandeur of one such man has been revealed now 

* Cambridge Modern History, vol. i, Cambridge, 1902, p. 2. 
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that some of the inchoate manuscript note-books of that tremendous Leonardo da 

universal genius, Leonardo da Vinci, have been published and given 

to the world. ^ Leonardo may have meant to collect and systematize 

his notes in the form of books, but if he did, he never lived to carry 

out the intention, and for this reason his work as a philosopher has 

been overshadowed till recent years by his fame as an artist. 

Leonardo was the natural son of a lawyer of great vigour and some 
eminence, Ser Piero da Vinci, and a peasant girl named Catarina. 

He was born at Vinci, between Florence and Pisa, in the year 1452, 
and was educated by his father. He entered successively the service 
of the courts of Florence, Milan and Rome, and died in 1519 in 
France, the servant and friend of Francis I. In early life he showed 
the remarkable qualities which impressed both contemporaries and 
men of later ages as being sufficient to place him in a class apart from 
the rest of mankind. Beauty of person and charm of manner did but 
adorn and increase the power of mind and force of character which 
took all knowledge for its study and all art for its expression. A painter, 
sculptor, engineer, architect, physicist, biologist and philosopher was 
Leonardo, and in each role he was supreme. Perhaps no man in the 
history of the world shows such a record. His performance, extra- 
ordinary as it was, must be reckoned as small compared with the 
ground he opened up, the grasp of fundamental principles he dis- 
played, and the insight with which he seized upon the true methods 
of investigation in each branch of enquiry. If Petrarch was the 
harbinger of the literary Renaissance, Leonardo led the way in other 
departments. He was not a scholastic, neither was he a blind follower 
of classical authority, as were many of the men of the Renaissance. 

To him observation of nature and experiment were the only true 
methods of science. Knowledge of the ancient writers, useful as 
a starting-point, could never be conclusive. 

Leonardo approached science from the practical side, and it is 
owing to this lucky circumstance that his intellectual attitude is so 
modern. To meet the needs of his crafts he began experimenting, and 
in his later years his thirst for knowledge was even greater than his 
love of art. As a painter he was led to study the laws of optics and the 
structure of the eye, the details of human anatomy and the flight of 
birds. As an engineer, both civil and military, he was faced by 
problems which could only be solved by an insight into the principles 
of mechanics, dynamic as well as static. Aristotle’s opinion was of 
small help in correcting a picture out of drawing, in managing water 

* Edward McCurdy, I^onardo da Vinci's Note Books, arranged and rendered into English, 1906. 
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for irrigation, or in taking a fortified city. For these problems, the 
behaviour of things as they are was of more importance than the 
opinion of the encyclopaedic Greek as to what they ought to be. 

But Leonardo was also a philosopher, and when we compare his 
mode of thought with that of the men of the preceding age, we see 
a striking contrast in his almost complete emancipation from theo- 
logical preconceptions. Even Roger Bacon, with all his love of enquiry, 
regarded theology as the true summit and end of all knowledge, and 
doubted not that all learning if rightly apprehended would prove 
consistent with the chief dogmas of his day. But Leonardo reasoned 
with a perfectly open mind. When he turned to theology at all, he| 
attacked frankly and lightly the ecclesiastical abuses and absurdities! 
which had become part of the system of the Church. His own philo- ! 
sophical position seems to have been an idealistic pantheism, in the \ 
light of which he saw everywhere the living spirit of the Universe. ' 
Yet, with the fine balance of a great mind, he saw the good beneath 
the load of inconsequent evil, and accepted the essential Christian 
doctrine as an outward and visible form for his inward, spiritual life. 
“1 leave on one side the sacred writings,” he says, “ because they arc 
the supreme truth.” A great gentleman as well as a great man, the 
fanaticism of the rude iconoclast was far from Leonardo, and he lived 
in the brief interval when the Papacy itself was liberal and humanist, 
and all seemed pointing to a new and comprehensive Catholicism, in 
which freedom of thought could exist side by side with earnest faith 
in fundamentals. The dream passed, the Church of Rome became 
reactionary, and freedom was won painfully and slowly by the rough 
and unattractive path opened by Luther. Fifty years after Leonardo’s 
death, a position such as his would have been untenable. 

Great as Leonardo was, he must not be represented as the originator 
de novo of the scientific spirit he displays. Alberti (1404-1472) had 
studied mathematics and made physical experiments before him. At 
Florence he met Paolo Toscanelli (d. 1482), an astronomer who had 
instigated the voyage of Columbus; Amerigo Vespucci gave him a 
book on geometry; he knew Luca Pacioli, a mathematician, and he 
was helped in his anatomical researches by Antonio della Torre. 
Perspective and anatomy too were studied by men like Brunelleschi, 
Botticelli, and Dlirer, who, with Leonardo, were developing artistic 
naturalism. It is clear, from Leonardo’s note-books and otherwise, 
that, a century before the days of Galileo, a small circle of kindred 
spirits lived in Italy, more interested in things than in books, in 
experimental enquiry than in the opinions of Aristotle. Doubtless it 
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is true that the rational synthesis of Scholasticism helped to prepare 
men’s minds by teaching them that the Universe was understandable. 
But the solution offered became inadequate as soon as men began to 
observe and experiment. A new basis for knowledge was needed: 
induction from nature had to replace deduction from Aristotle or 
Thomas Aquinas, and this basis is first found in Italian mathematicians, 
astronomers and anatomists. 

But there is a link with Greek thought behind these men too, a link 
with Archimedes. Archimedes’ books had not yet been printed, and 
good manuscripts were rare. Leonardo noted the names of his friends 
and patrons who could procure him copies, and expressed admiration 
for the genius of the great Syracusan. Interest in Archimedes grew 
rapidly ; in 1 543 the mathematician Tartaglia published a Latin trans- 
lation of some of his works, and other editions followed, so that they 
were well known by the time of Galileo, who studied them carefully. 
In Archimedes, the geometer and experimentalist, and not in Aristotle, 
the encyclopaedic philosopher, is to be sought the veritable Greek 
prototype of the masters of modern physical science; for, among the 
ancient writers of the Classical Age whose works have survived, 
Archimedes possessed most clearly the true scientific spirit. 

Leonardo perceived intuitively and used effectively the right ex- 
perimental method a century before Francis Bacon philosophized 
about it inadequately, and Galileo put it into practice. Leonardo 
wrote no treatise on method, but incidentally his ideas can be seen 
in his note-books. He says that mathematics, arithmetic and geometry 
give absolute certitude within their own realm; they are concerned 
with ideal mental concepts {e tuta mentale) of universal validity. But 
true science, he held, began with observation; if mathematical 
reasoning could then be applied, greater certitude might be reached, 
but, “those sciences are vain and full of errors which arc not born 
from experiment, the mother of all certainty, and which do not end 
with one clear experiment [che non terminano in nota experientia)'\ 
Science gives certainty, and science gives power. Those who rely on 
practice without science are like sailors without rudder or compass. 

When we turn from Leonardo’s method to his actual results, we 
are astonished at his insight. He foreshadowed the principle of inertia, 
afterwards demonstrated experimentally by Galileo. “Nothing per- 
ceptible by the senses”, wrote Leonardo, “is able to move itself;. . . 
every body has a weight in the direction of its movement.” He knew 
that the speed of a falling body increases with the time, though he 
missed the exact relation which gives the space fallen through. 
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Leonardo da He dearly understood the experimental impossibility of “ perpetual 

Vinci motion” as a source of power, in this anticipating Stevinus of Bruges 
(1586). The knowledge of this impossibility was used by him to 
demonstrate the law of the lever by the method of virtual velocities, 
a principle realized by Aristotle and used later by Ubaldi and Galileo. 
The shorter arm, of length Z, raises the greater weight W slowly with 
a velocity v, while the longer arm L is pushed down by the smaller 
weight w quickly with a velocity V\ there cannot be a gain or loss of 
power, and at each end the power is measured by the product of 
weight and velocity. Thus 

Wv = wV, 

The velocities of the ends are in the proportion of the lengths of thc^ 
arms, so that ^ 

w/ r ^ ^ 

Wl = wL or “ , 

w I 

and the weights must be inversely as the lengths. Leonardo regarded 
the lever as the primary machine, and all other machines as modifica- 
tions and complications of it. 

He also recovered Archimedes’ conception of the pressure of fluids, 
and showed that liquids stand at the same level in communicating 
vessels, while, if different liquids fill the two vessels, their heights will 
be inversely as their densities. He dealt also with hydrodynamics : the 
efflux of water through orifices, its flow in channels, and the pro- 
pagation of waves over its surface. From waves on water he passed 
to waves in air and the laws of sound, and he recognized that light 
shows many analogies which suggest that here too a wave theory is 
applicable. The reflection of an image is like the echo of a sound ; the 
angle of reflection is equal to the angle of incidence as it is when a ball 
is thrown against a wall. 

In the realm of astronomy Leonardo conceived of a celestial 
machine conforming to definite laws, in itself a remarkable advance 
on the prevalent Aristotelian ideas that the heavenly bodies are divine, 
incorruptible, essentially different from our worlds which is subject 
to change and decay. He calls the Earth a star like the others, and 
proposes in his projected book to show that it would reflect light as 
does the moon. Though erroneous in detail, Leonardo’s astronomy 
is true in spirit. 

He held that as things are older than writings, the Earth bears 
traces of its history before the records of books. Fossils now on high 
inland mountains were produced in sea water, and could not have 
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reached their present position in the forty days of the Noachian deluge ; 
indeed the whole waters of the world, clouds, rivers and ocean, could 
not cover the mountains of the earth. There must, he argued, have 
been changes in the crust of the earth, and mountains have raised 
themselves in fresh places. But no catastrophic action was needed: 
“in time the Po will lay dry land in the Adriatic in the same way as 
it has already deposited a great part of Lombardy”. Here we have 
the essence of the uniformitarian theory three hundred years before 
it was revived by Hutton. 

As a painter and sculptor, Leonardo felt the need of a precise 
knowledge of anatomy. In the face of ecclesiastical tradition, he pro- 
cured many bodies and dissected them, making anatomical drawings 
which, besides being accurate in all details, are true works of art. 
Many of them still exist in his manuscripts preserved at Windsor. 
“And you who say that it would be better to look at an anatomical 
demonstration than to see these drawings,” he remarks, “you would 
be right, if it were possible to observe all the details shown in these 
drawings in a single figure, in which, with all your ability, you will 
not see nor acquire a knowledge of more than a few veins, while, 
in order to obtain an exact and complete knowledge of these, I have 
dissected more than ten human bodies.” 

From anatomy the next step is physiology, and here, too, Leonardo 
is found to be far in advance of his age. He described how the blood 
makes and remakes continually the whole body of man, bringing 
material to the parts and carrying off the waste products, as a furnace 
is fed and the ashes removed. He studied the muscles of the heart and 
made drawings of the valves which seem to show a knowledge of their 
functions. He compared the flow of the blood with the circulation of 
water from the hills to the rivers and the sea; from the sea to the 
clouds and back to the hills as rain. It seems that Leonardo under- 
stood the general principle of the circulation of the blood a hundred 
years or more before it was rediscovered and Harvey gave the know- 
ledge to the world. His art led him to another scientific problem — 
the structure and mode of action of the eye. He made a model of the 
optical parts, and showed how an image was formed on the retina. 
He ignored the view still held by his contemporaries that the eye 
throws out rays which touch ihe object it wishes to examine. 

He dismissed scornfully the follies of alchemy, astrology and necro- 
mancy; to him nature is orderly, non-magical, subject to immutable 
necessity. 

Enough has now been said to illustrate Leonardo da Vinci’s position 
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Leonardo da in the history of scientific thought. Had he published his work, science 
Vinci gl;gp haye advanced almost to the place it reached a 

century later. It is idle to speculate on the influence such a change 
might have had on the intellectual and social evolution of humanity, 
but it is safe to say that both would have been modified pro- 
foundly. 

Though Leonardo never carried out his oft-referred- to project 
of writing books on different branches of his labours, his personal 
influence was clearly very great. The friend of princes and statesmen, 
he also knew all the chief men of learning of his time. Doubtless 
through them some of his ideas were preserved, and thus, years latei!, 
helped to promote a new growth of science. If we had to choose onft 
figure to stand for all time as the incarnation of the true spirit of thq 
Renaissance, we should point to the majestic form of Leonardo da\ 
Vinci. 

The In a society stirring with diverse intellectual interests, we have 
Reformation ^ niental environment very different from that prevailing a hundred 
years earlier. The theological atmosphere, which saw everything in 
the light of the one overpowering motive of salvation, had given place 
to a much more independent outlook, in which many questions were 
freely discussed from a rational point of view. The world was still 
orthodox; the many heresies which had appeared from age to age had 
been forcibly and effectually suppressed, or perhaps it would be truer 
to say that the doctrines which survived had been accepted as 
orthodox. But in the early years of the sixteenth century orthodoxy 
itself had been aroused and for a time had stretched its bounds: the 
religious humanists, led by Erasmus, might have liberalized and 
reformed the Roman Church from within had circumstances been 
favourable. 

The development and meaning of the Reformation are subjects too 
complex to be lightly summarized, yet a history of scientific thought 
must take into account the effects of such an upheaval. The Reformers 
had three chief objects. Firstly, the re-establishment of Church 
discipline, undermined by the abuses of the Roman Curia and the 
loose or worldly lives of many of the clergy. Secondly, the reform of 
doctrine on the lines of some of the earlier suppressed movements, and 
a return to a supposed primitive simplicity. And thirdly, a relaxation 
in dogmatic control and a measure of freedom for the private 
judgment based on Scripture. 

It was the first of these objects, aimed as it was at the open and 
admitted corruption of the Roman Church, that carried the people 
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with it. The second was also important, for mediaeval modes of The 
thought were still powerful, and to the Middle Ages the idea of change Reformation 
and development was foreign. Reform of ritual and doctrine could 
only gain support if it was believed to be an appeal to an older 
precedent and to an authority greater even than that of the Roman 
Pontiff— the practice and belief of the primitive Church of Christ. 

Indeed, in our own days an appeal to the “first four centuries” has 
more than once been made, sometimes by those whose knowledge of 
the centuries in question is not conspicuous in their writings. 

The third object of the Reformers is the one which chiefly concerns 
us here, in that it was a consequence of the Renaissance and a real 
incentive to the humanist element in the movement. But, as is usual 
in revolutions, intellectual interests were pushed aside. The rough 
work could only be done by religious enthusiasts or German princes 
with political motives, and Calvin was as much a persecutor of free 
thought as any Roman Inquisitor. But fortunately he had not the 
power of the mediaeval Church behind him, and the disintegration 
of Christendom which the Reformation produced, sad though it was 
from many other points of view, did in the end help indirectly to 
secure liberty of thought. 

The first great change in scientific outlook after the Renaissance Copernicus 
was made by Nicolaus Koppernigk (1473-1543)? a mathematician 
and astronomer with a Polish father and a German mother, who 
Latinized his name as Copernicus. The geocentric theory of Hippar- 
chus and Ptolemy was successful in explaining the facts with that 
degree of accuracy which the observations of the time demanded. Its 
only fault from the geometric point of view was the complication of 
cycles and epicycles it involved. It had behind it the common-sense 
feeling that the Earth was a solid and immovable base towards which 
all things fell, and also the authority of Aristotle. Men assumed an 
Earth at rest beneath their feet, though some imagined it as a sphere 
floating in the centre of the Cosmos. Thus Copernicus had to support 
two propositions — with Eephantus the daily revolution of the Earth 
on its axis, and with Aristarchus its yearly journey round the Sun. 

Indeed, the opposition to Copernicus when it came was scientific as 
well as ecclesiastical. If the Earth spun round on its axis, would not a 
body thrown upward lag behind, and fall to the west of its point of 
projection? Would not loose objects fly away from the ground, and the 
Earth itself disintegrate ? As the Earth moved round the Sun, would not 
the stars appear to shift among themselves, unless indeed they were 
so far off that the distances became ridiculous, if not inconceivable? 
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Copernicus To resist all these arguments, then perfectly valid, and to advance 
an opposing theory, needed not only great originality of mind, but, 
in that age, some philosophic standpoint from which it could be 
defended. Now, although Aristotelian scholasticism had held the 
field for a century, and Occam’s nominalism was its only powerful 
rival north of the Alps, Plato’s idealistic realism, especially as inter- 
preted by Saint Augustine, had survived in Italy. In Neo-Platonism 
there was a strong Pythagorean element, which delighted to conceive 
the Universe in terms of a mystical harmony of numbers, or geo- 
metrical arrangement of units of space. ^ Hence Pythagoreans and 
Neo-Platonists were always looking for mathematical relations iji 
nature; the simpler the relation the better mathematically, and therdy 
fore, on this view, the nearer to nature. Moreover, fhe Pythagoreans^ 
alone among the ancients whose works were available, believed the^ 
Earth to move round a central fire. Thus, although Renaissance ; 
science grew chiefly by methodological means derived from Euclid 
and other Greek mathematicians, ^ a metaphysical element was con- 
current. 

In the fifteenth and sixteenth centuries, while men’s minds were 
stirred by currents of thought new and old, there was a revival in 
Italy of Platonism containing this Pythagorean element. John Pico 
of Mirandola taught a mathematical interpretation of the world, 
and Maria de Novara, Professor of Mathematics and Astronomy at 
Bologna, criticized the Ptolemaic system as too cumbrous to satisfy 
the principle of mathematical harmony. 

Copernicus spent six years in Italy and became the pupil of Novara. 
He says that he studied the writings of all the philosophers whose 
books he could obtain, and discovered that, 

according to Cicero, Hicetas had thought the earth was moved, . . . according 

to Plutarch that certain others had held the same opinion When from this, 

therefore, I had conceived its possibility, I myself also began to meditate 
upon the mobility of the earth. ... I found at length by much and long 
observation, that if the ^motions of the other planets were added to the 
rotation of the earth, and calculated as for the revolution of that planet, not 
only the phenomena of the others followed from this, but thatit so bound together 
both the order and magnitudes of all the planets and the spheres and the heaven 
itself that in no single part could one thing be altered without confusion among 
the other parts and in all the Universe. Hence for this reason ... I have followed 
this system.^ 

‘ See pp. 17, 18; also E. A. Burtt, loc. cit 

2 E. \V. Strong, Procedures and Metaphysics, California, 1936; Isis, No. 78, 1938, p. no. 

® Copernicus, De Revolutionihus Orbium Celestium, Letter to Pope Paul III, quoted by 
E. A. Burtt, in Metaphysical Foundations of Modern Science, p. 37. 
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Copernicus thus describes this theory of the Universe: 

First and above all lies the sphere of the fixed stars, containing itself and all 
things, for that very reason immovable ; in truth the frame of the Universe, to which 
the motion and position of all other stars are referred. Though some men think it 
to move in some way, we assign another reason why it appears to do so in our 
theory of the movement of the Earth. Of the moving bodies first comes Saturn, 
who completes his circuit in xxx years. After him, Jupiter, moving in a twelve 
year revolution. Then Mars, who revolves biennially. Fourth in order an annual 
cycle takes place, in which we have said is contained the Earth, with the lunar orbit 
as an epicycle. In the fifth place Venus is carried round in nine months. Then 
Mercury holds the sixth place, circulating in the space of eighty days. In the middle 
of all dwells the Sun. Who indeed in this most beautiful temple would place the 
torch in any other or better place than one whence it can illuminate the whole at 
the same time? Not ineptly, some call it the lamp of the universe, others its mind, 
and others again its ruler — Trismegistus, the visible God, Sophocles’ Elcctra, the 
contemplation of all things. And thus rightly in as much as the Sun, sitting on 
a royal throne, governs the circumambient family of stars. . ..We find, therefore, 
under this orderly arrangement, a wonderful symmetry in the universe, and 
a definite relation of harmony in the motion and magnitude of the orbs, of a kind 
it is not possible to obtain in any other way.^ 

To Copernicus the primary question was what motions of the 
planetary bodies would give the simplest and most harmonious 
geometry of the heavens. The extract given above and the diagram 
suggest that he accepted the ancient view that the stars were fixed to 
a sphere, but there is some evidence that the outer circle is meant to 
represent the inner concave face of a sphere bounding infinite space.^ 
Copernicus realized that he was sloifting the frame of reference for 
planetary movements from the Earth to the fixed stars. This involves 
a physical as well as a mathematical revolution, and is destructive of 
Aristotle’s physics and astronomy. To Ptolemy’s argument that a 
moving Earth would fly to pieces, Copernicus replied that a moving 
sky would do so even more, since it is larger in circumference and 
therefore, if it revolves, must move faster. This is physical reasoning, 
but Copernicus dwelt more on mathematical harmony, and appealed 
to mathematicians to accept his views, on the ground that they lead 
to a simpler scheme than the Ptolemaic cycles and epicycles in which 
the heavenly bodies move round the Earth. 

About 1530 he finished a treatise setting forth his work and 
published a short abstract in popular form in that year. Pope 
Clement VII approved, and sent the author a request for the publica- 
tion of the work in full. To this Copernicus only consented in 1540, 


^ De Revolutionibus Orbium Celestium, Lib. i, Cap. x; Eng. trans. W. G. D. and M. D. 
Whetham, Readings in the Literature of Science, Cambridge, 1924, p. 13. 

^ G. McColley, De Revolutionibus; Isis, No. 82, 1939, p. 452. 
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Copernicus and the first printed copy of his book reached him on his death-bed 
in 1543. 

The Copernican system won its way slowly. A few mathematicians 
accepted it, for example, John Field, John Dee, Robert Recordc and 
Gemma Frisius, while Thomas Digges, the first English convert, made 
a notable advance, replacing the immovable sphere of the fixed stars 



by an immensity of space, with stars scattered through it. But the 
theory did not become well known till Galileo turned his newly 
invented telescope to the heavens and revealed Jupiter’s satellites, 
a solar system in miniature. 

Copernicus taught men to look on the World in a new light. Instead 
of being the centre of the Universe, the Earth sank to the lowlier place 
of one among the planets. Such a change does not necessarily involve 
the dethronement of man from his proud position as the summit of 
creation, but it certainly suggests doubts of the validity of that belief. 
Thus, besides destroying the Ptolemaic system, incorporated in their 
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scheme by the Scholastics, Copernican astronomy affected the human Copernicus 
mind and human beliefs in more important ways. 

It is not surprising that misgivings arose. Europe was quarrelling 
over religion ; but the questions at issue did not touch the deeper prob- 
lems. Both parties accepted a religious philosophy which accorded 
man a place of dignity, and made him feel at home in a world which 
all agreed had been created for his ultimate benefit, though the im- 
mediate ways of Providence might sometimes seem unnecessarily 
mysterious. Moreover, what would be considered the best scientific 
opinion of the time was against the new system. Intellectual revolu- 
tionaries like Giordano Bruno, heretic both to Rome and Geneva, 
might accept Copernican views, but more cautious philosophers held 
aloof. Bruno, too, believed the Universe to be infinite, and the stars 
to be scattered through the immensity of space. But Bruno, enthusi- 
astic pantheist, openly attacked all orthodox beliefs, and was con- 
demned by the Inquisition, not for his science, but for his philosophy 
and his zeal for religious reform; he was burned at the stake in 1600. 

Those responsible, according to the customs of the time, for the 
intellectual and spiritual welfare of Europe quite rightly paused before 
they accepted an astronomical system which upset their own deepest 
convictions, and, as they held, might imperil the immortal souls of 
those committed to their charge. When Galileo went to Rome, full 
of enthusiasm to convert the papal court, a clash became inevitable. 

The academic world, chiefly Aristotelian, urged the Churchmen into 
action. And so it was that, while in 1530 the Papacy had shown a 
liberal interest in the new theory, in 1616 it silenced Galileo and 
pronounced by the mouth of Cardinal Bellarmine that the Copernican 
theory was “false and altogether opposed to Holy Scripture”, and 
Copernicus’ book was suspended till corrected, though it was under- 
stood that the new theory might be taught as a mathematical hypo- 
thesis. In 1620 Cardinal Gaetani revised the book on these lines, 
making merely trivial changes. The suspensory edict was never 
ratified by the Pope; it was virtually repealed in 1757? and in 1822 the 
Sun received the formal sanction of the Papacy to become the centre 
of the planetary system. 

In spite of WhewelFs clear and fair account of the incident, some 
more recent writers have made too much of the persecution of Galileo 
for his Copernican views. As Whitehead says: 

In a generation which saw the Thirty Years’ War and remembered Alva in the 
Netherlands, the worst that happened to men of science was that Galileo suffered 
an honourable detention and a mild reproof, before dying peacefully in his bed. 
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Six naturalists reopened in the sixteenth century the study of plants 
and animals, dormant since Pliny: Wotton (1492-1555), Belon (1517- 

1564) , Rondelet (1507-1566), Salviani (1514-1572), Gesner (1516- 

1565) , and Aldrovandi (c. 1525-1606).^ Primarily they strove to 
recover “the ancient learning”; for much new observation by 
naturalists we must look to a later time. 

In the course of the Renaissance, a school of medical humanists 
arose, whose object was to turn men’s eyes from mediaeval medicine, 
derived for the most part from commentaries on Greek writers, some 
of them transmitted through Arabic channels, and to direct thoir 
attention to the fountainheads of this learning, the writings of Hippo- 
crates and Galen themselves. Doubtless this movement led to a vait 
increase in knowledge, but, when the knowledge had been systematizea^ 
physicians once more came to rely too much upon authority. \ 

As this phase passed, and men began again to observe, think and\ 
experiment for themselves, medicine became for a time intimately 
allied with the chemistry which was emerging from alchemy, and 
there arose a definite school of physicians who studied chemistry, or 
iatro-chemists as they came to be called. 

The chemistry and alchemy of the Arabs reached Europe in the 
later Middle Ages, and influenced the work of such men as Roger 
Bacon. The Arabs took up and modified the Pythagorean theory that 
the primary elements were to be found in principles or qualities and 
notin substances. They came to believe that the fundamental principles 
were those of sulphur or fire, mercury or liquidity, and salt or solidity 
(see p. 73). This theory passed with other Arab learning to Europe. 
It was prominently advocated by the Dominican monk Basil V alentine 
in the latter half of the fifteenth century. 

In studying this theory, we must understand that, like the Greek 
idea of four elements, it arose from an attempt to explain the mysterious 
action of fire. “Sulphur” did not mean the particular substance of 
definite atomic weight and chemical properties which we call by that 
name, but that part of any body which caused it to be combustible 
and disappeared on burning, “ Mercury” was any part which distilled 
over as liquid, and “Salt” the solid residue. To these elements 
Valentine added an Archaeus, and other alchemists a “celestial virtue ” , 
by which the Ruler of the Universe determined its phenomena, 
including chemical changes. It was such ideas that chemistry 
introduced into medicine at the Renaissance. 

Next we turn to an adventurous figure, Theophrast von Hohen- 

* Gudger,/fw, No. 63, 1934, p. 21. 
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heim or Paracelsus' (c. 1490-1541), a Swiss doctor, who was one of Mtwal 
the first to break away from the classical and orthodox Galenic school. 

In the mines of the Tyrol he studied indiscriminately rocks, minerals, Chemistry 
mechanical contrivances, and the conditions, accidents and diseases 
consequent on the miner’s life and surroundings. From 1514 to 1526 
he wandered over a great part of Europe studying the diseases and 
remedies of different nations before settling down as a teaching 
physician at Basle, where he was given and apparently unwillingly 
accepted a new name from that of Gelsus, the great physician of 
Roman times. At Basle he aroused the opposition of vested medical 
interests, which caused him to leave the city after about a year. 

As a medical man von Hohenheim turned from Galen and Avicenna, 
and applied to medical problems the results of his own observations 
and experience. “The human mind”, he says, “knows nothing of the 
nature of things from inward meditation . . . .” As regards the physician : 

“That which his eyes see and his hands touch, that is his teacher.” 

Science is a search for God in His creation, and medicine is God’s 
gift to man. 

In applying chemistry to medicine von Hohenheim made many 
chemical discoveries. For example, he realized the complex nature 
of air, calling it “chaos” ; again, he describes under the generic name 
of “sulphur”, a substance obtained as an “extract of vitriol” which 
is clearly ether. He says: “it possesses an agreeable taste; even 
chickens will eat it, whereupon they sleep for a moderately long time, 
and reawake without having been injured It is curious that the 
anaesthetic properties of ether should have been observed without 
being appreciated. The first clearly to describe the preparation of 
ether by the action of oil of vitriol (or sulphuric acid) on alcohol was 
Valerius Cordus (151 5-1544), doctor of medicine and botanist, who, 
unlike the alchemists, gives a definite account of his procedure, 
showing that he had passed from alchemy to chemistry. 

The followers of Paracelsus were distinguished from the Galenic 
school by the use which they made of chemical drugs in medical 
practice. Doubtless they killed many patients, but, in doing so, at any 
rate, they made experiments. They discovered a number of drugs 
which proved to be of value, and incidentally they added to chemical 
knowledge. Studies in mineralogy, pointing the way to geology, were 
made by Vannoccio Biringuccio, who published his Pyrotechnia in 

' Complete Works, ed. by K. Sudhoff, Miinchen, 1922 . . . ; Isis, vi, 56; Anna Stoddart, 

Paracelsus, 1915; Franz Strunz, Theophrastus Paracelsus, Leipzig, 1937; W. Pagel, Isis, 

No. 77, 1938, p. 469; E. Rosenstock, Huessy, Hanover, N.H. 1937. 

Translation by C. D. Leake, in Isis, No. 21, 1925, p. 22. 
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Natural 1540 at Venice, showing a practical knowledge of ores, metals and 

Hytory, Much of this work was used in de Re Metallica published at 

aicine and . . , ^ , 

Chemistry Basle by Agricola (1490-1555), who worked especially in the mines 

of Joachimsthal. Important work was done by van Helmont, born in 

Brussels in 1577, a mystic, who, like Paracelsus, linked science with 

religion. He recognized different kinds of aeriform substances, and 

invented the name “gas”, derived from vonHohenheim’s “chaos”, to 

describe them. He reduced the four elements to one, and, like Thales, 

took it to be water. He planted a willow in a weighed quantity 

of dry earth, supplied it with water only, and at the end of five years 

found that it had gained 164 pounds in weight, while the earth had 

lost only 2 ounces. This was evidence that practically all the nqw 

substance of the willow was made of water, evidence which held goo^, 

until Ingenhousz and Priestley, more than a hundred years later, 

showed that green plants absorb carbon from the carbon dioxide iA 

the air. 

The first to apply some of the new physical knowledge to medicine 
was Sanctorius (1561-1636) who introduced amodificationofGalilco’s 
thermometer and used it for measuring the temperature of the body. 
He also devised an apparatus for comparing the rate of pulse beats. 
By weighing himself in a balance, he investigated the changes in 
weight of the human body, and proved that it loses weight by mere 
exposure, referring the loss to imperceptible perspiration. The accurate 
balance was perhaps the best legacy which the alchemists bequeathed 
to the chemists and physicists who followed. 

Francois Dubois (1614-1672), better known by his Latinized name 
of Franciscus Sylvius, studied the work of van Helmont and, applying 
chemistry to medicine, founded a definite school of iatro-chemists. 
He held that health depended on the fluids of the body, acid or 
alkaline, which, by union with each other, produced a milder and 
neutral substance, a doctrine which was adopted in chemistry as well 
as in medicine. It is of great lustorical importance as the first general 
theory of chemistry not based on the phenomena of flame. It led 
Lemery and Macquer to distinguish clearly between acids and alkalis 
or bases. The recognition of these opposite qualities in different bodies, 
and their tendency to unite, sometimes with violence, suggested the 
idea of chemical attraction or affinity. The formation in this manner 
of neutral compounds led to the conclusion that every salt was 
formed by the union of an acid and a base. This is a foreshadowing of 
the classification of chemical compounds in a series of types, a theory 
very stimulating in the org4^ic chemistry of the nineteenth century. 
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The prejudice against the dissection of human bodies lasted long 
in Europe, and it was not till the thirteenth century, when the writings 
of Galen and his Arabian commentators first became available, that 
men began again to study anatomy. The first outstanding figure was 
that of Mondino, who died in 1327, and, almost immediately after 
his work, the subject assumed a stereotyped form. Although dissection 
was included in the regular medical course at the Universities, it was 
carried out in strict accordance with, and as an illustration of, the text 
of Galen, or Avicenna, or Mondino, and no attempt was made to 
increase knowledge.^ Thus, except in the note books of Leonardo, 
which produced no general effect on his contemporaries, no further 
advance in anatomy was made till the last decade of the fifteenth 
century. Then Manfredi wrote a treatise of which a manuscript is now 
in the Bodleian Library.^ It shows a comparison of authorities and 
some observation. Soon afterwards Carpi added to the science, but 
modern anatomy and physiology really began with Jean Fernel 
(1497-1558), physician, philosopher and mathematician, who pub- 
lished De Ahditis Rerum Causis in 1542.^ Then Andreas Vesalius (1515- 
1564), a Fleming trained at Louvain and Paris, who taught at Padua, 
Bologna and Pisa, turned from Galen and in 1543 published De 
Humani Corporis Fabrica, a book on anatomy, based, not on what Galen 
or Mondino taught, but on what Vesalius himself had seen in dissection 
and could demonstrate. He made many advances in knowledge, and 
his work on the bones, the veins, the abdominal organs and the brain 
was specially notable. While accepting in the main Galen’s physiology, 
Vesalius described some experiments on animals carried out by him- 
self. But in 1544, disgusted at the opposition his book aroused, he 
relinquished research, and accepted the post of Court Physician to the 
Emperor Charles V. 

Before the end of the sixteenth century anatomy, the earliest of the 
biological sciences, was freed from the trammels of ancient authority. 
Physiology was slower to escape : the doctrines of Galen blocked the 
way. Galen, as we have seen, taught that the arterial blood and the 
venous blood were two separate tides driven by the heart, which as 
they ebbed and flowed, carried the one “vital” and the other 
“natural” spirits to the tissues of the body. As Foster says: 

To-day our view of any action and process of the body has for its fundamental 
basis the fact that the life of every tissue-unit of the body is dependent on that body 

^ Sir Michael Foster, Lectures on the History of Physiology ^ Cambridge, 1902. 

* Studies in the History and Method of Science, ed. by C, Singer, Oxford, 1917. 

’ Sir Charles Sherrington, The Endeavour of Jean Fernel, Cambridge, 1946. 


Anatomy and 
Physiology 



Il8 THE RENAISSANCE 

Anatomy and being bathed directly or indirectly by blood which comes to it as oxygen-bearing, 
Physiology arterial blood, and leaves it as venous blood carrying away the products of 
activity. Let us remember that such a view is impossible under the Galenic doctrine 
which taught that to and from every tissue there was a flow and ebb of two kinds 
of blood serving two purposes, one kind travelling in the veins, the other in the 
arteries. Let us further remember that this Galenic doctrine of the uses of veins and 
arteries was bound up with the Galenic doctrine of the working of the heart . . . the 
mysterious transit of blood from the right to the left side of the heart through the 

invisible pores of the septum If we do this, we shall at once see that the true 

teaching of the mechanism of the bodily heart is as it were the intellectual heart of 
all physiology. 

Michael Servetus, an Aragonese physician and theologian, who vyas 
condemned by Calvin for his unorthodox opinions, and burned I at 
Geneva, discovered the circulation of the blood through the lungs, 
but its actual mechanism, and the function of the heart in maih- 
taining the flow, though suggested in some shrewd speculations by 
Caesalpinus in 1593, were only made clear to men when Willian^ 
Harvey (1578-1657) was led to ‘‘give his mind to vivisections 

Harvey was born at Folkestone in 1578, the son of a prosperous 
Kentish yeoman or small squire. After studying at Gonville and Cains 
College, Cambridge, he spent five years abroad, chiefly at Padua. 
Returning to England when he was about twenty-four years of age, 
he began to practise as a physician, numbering Francis Bacon among, 
his patients. He was in attendance on James I, and it fell to the lot 
of this the most modern physiologist of the day to superintend the 
medical examination of women accused of witchcraft. Fortunately 
he found no physical abnormalities, and they were acquitted. With 
Charles I Harvey was on terms of intimacy. The King had placed 
the resources of the deer parks at Windsor and Hampton Court at the 
disposal of his physician for purposes of experiment, and with him 
watched the development of the chick in the egg^ and the pulsation 
of its living heart. Harvey followed the King in his first campaign, 
and was in charge of the royal princes at the Battle of Edgehill, where, 
during the fight, he is said to have sat under a hedge reading a book. 
He retired to Oxford with his master, and for some time he was 
Warden of Merton. His book on the heart, Exercitatio Anatomica de 
Motu Cordis et Sanguinis, was published in 1628. It is a small volume, 
but it contains the results of many years’ observation on men and 
living animals, and produced a great effect. It at once made obsolete 
the physiology of Galen, though Harvey’s departure therefrom is said 
to have “mightily diminished his practice”. 

• The first to do this since Aristotle was Fabricius of Aquapendentc (1537^1619). See 
Foster, loc. tit, p. 36. 



THE RENAISSANCE 


II9 

Harvey points out that, if we multiply the volume of blood driven Anatomy and 
forward by each beat of the heart by the number of beats in half-an- 
hour, we find that the heart deals in this time with as much blood as 
is contained in the whole body. He therefore infers that the blood 
must somehow find its way from the arteries to the veins and so back 
to the heart: 

I began to think whether there might not be a motion, as it were, in a circle. 

Now this I afterwards found to be true; and I finally saw that the blood, forced 
by the action of the left ventricle into the arteries, was distributed to the 
body at large and its several parts, in the same manner as it is sent through the 
lungs impelled by the right ventricle into the right pulmonary artery, and that it 
then passed through the veins and along the vena cava, and so round to the left 
ventricle in the manner already indicated, which motion we may be allowed to 
call circular. 

Harvey was led to his great idea, not by speculation or by a priori 
reasoning, but by a series of steps each in turn based on observations 
made on the heart by anatomical dissection, as seen in the living 
animal, or as he himself says, in “repeated vivisections”. As Vesalius 
founded modern anatomy, so Harvey set physiology on its true course 
of observation and experiment, and made modern medicine and 
surgery possible. 

To appreciate Harvey’s work we must compare it with that of his 
predecessors and contemporaries, who invoked the aid of natural, 
vital and animal spirits to explain the functions of the body. Harvey 
barely mentions these ideas, but treats the problem of the circulation 
as one of physiological mechanics and solves it as such. His second 
work, De Generatione Animalium, appeared in 1651, and represents the 
most notable advance in embryology recorded since the time of 
Aristotle. 

Harvey died in 1657, and, having no children, he bequeathed his 
estate to the Royal College of Physicians, directing them to use it “ to 
search out and study the secrets of nature”. 

Harvey’s work on the circulation of the blood was soon supple- 
mented by the discovery of the lacteal and lymphatic vessels, which 
carry the proceeds of digestion into the bloodstream. But his work 
was only completed when the newly invented microscope was used 
in physiology. Till the minute structure was thus made visible, it was 
thought that the arteries delivered the blood into the flesh, which was 
regarded as a structureless “parenchyma”, and that the veins 
collected it therefrom. 

The compound microscope was invented, probably by Janssen, 
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Anatomy and about 1590.^ Its early forms gave a distorted and coloured image at 
Physiology magnification. But about 1 650, simple lenses were improved, 

and made very serviceable instruments of research. 

In 1661 Malpighi of Bologna examined microscopically the structure 
of the lung. He found that the divisions of the wind-pipe end in 
dilated air vessels, over the surface of which spread arteries and veins. 
Eventually, in the lung of a frog, he saw that arteries and veins are 
connected by capillary tubes. “Hence*’, he says, “it was clear to the 
senses that the blood flowed away along tortuous vessels and was not 
poured into spaces, but was always contained within tubules, and 
that its dispersion is due to the multiple winding of the vessels.” ^ j 

Malpighi also examined microscopically the glands and othet 
organs of the body, and made great contributions to our knowledge 
of their structure and functions. Harvey showed that the blood swept ; 
through the tissues; Malpighi discovered what the tissues were and 
how the blood swept through them. 

He also did much to found modern embryology. Aristotle watched 
the chick forming in the egg. Fabricius and others repeated his 
observations, as did Harvey in his later years. But it was Malpighi 
who gave the first description of the microscopic changes which 
convert an opaque white spot in the egg into the living bird. His work 
was carried further by A. van Leeuwenhoek (1632-1723), who, with 
simple microscopes, examined capillary circulation, and muscular 
fibres. He saw and drew blood corpuscles, spermatozoa and bacteria. 

The mechanics of muscular motion were first adequately studied 
by Borelli about 1670, and the irritability of muscles about the same 
time by Glisson. The latter disproved the view that a muscle when 
in action was inflated by “animal spirits”. He proved that, instead 
of being inflated, it actually became smaller in volume. Glisson also 
wrote a treatise on rickets, describing his observations on its symptoms 
in Dorset children. 

The study of the circulation of the blood led naturally to the 
problem of breathing <and its analogy with burning, which may well 
be considered here, though historically some of it belongs to a later 
date. In 1617 Fludd burned substances in an inverted glass vessel 
over water ; the air lost a certain volume and the flame then went out. 

Borelli, applying the physics of Galileo, Torricelli and Pascal, made 
clear the mechanics of breathing, and proved that animals die in 

* A. N. Disney with C. F. Hill and W. E, W. Baker, Origin and Development of the Microscope, 
Ixjndon, 1928. 

2 Foster, loc. cit. p. 97. 
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a vacuum. These subjects were studied by Robert Boyle (1627-1691), Anatomy and 
Robert Hooke (1635-1703) and Richard Lower (1631-1691), who ^h^ology 
between them proved that air is not homogeneous, but contains an 
active principle — spiritus nitro-aereus — needed both for breathing and 
burning, clearly our modern oxygen. Metals when burned increase 
in weight, as indeed a Frenchman, Rey, had shown, and this was 
traced to a combination with “nitro-aereal particles”. As regards 
breathing, Hooke showed that the motion of the walls of the chest 
was not necessary to support life if a current of air be continuously 
blown over the surfaces of the lungs. In his Tractatus de Corde, 
published in 1669, Lower announced his discovery that the change in 
colour from dark purple to bright red — the change which marks the 
conversion of venous into arterial blood — takes place, not as was 
thought, in the left side of the heart, but in the lungs. Using Hooke’s 
experiments on artificial respiration, he satisfied himself that the 
change in colour was due simply to the exposure of blood to the air 
in the lungs, the blood taking up some of the air. Much of this work, 
with some little of his own, was summarized by John Mayow in a 
book published in 1669 and again in 1674.^ He sets forth the recent 
work on breathing and combustion, and the connexion with nitre. 
“Gunpowder”, he says, “is very easily burnt by itself by reason of 

the igneo-aereal particles existing in it Sulphureous matter on the 

contrary can be burnt only with the help of igneo-aereal particles 
brought to it by the air.” A small animal placed in a closed vessel 
dies, and dies more quickly if a lighted candle is also placed in the 
vessel. “ It clearly appears that animals exhaust the air of certain vital 
particles, . . . that some constituent of the air absolutely necessary to 
life enters the blood in the act of breathing.” This he infers, following 
Lower, is the nitro-aereal spirit, which by union “with the salino- 
sulphureous particles of the blood gives rise to the heat of the blood 
All this sound work was forgotten, only to be rediscovered a hundred 
years later by Lavoisier. 

Lower also experimented, as had Wren, on the transfusion of blood 
from one animal into the veins of another, and with Willis he carried 
out anatomical researches on the cranial nerves. Thus we arc led to 
the contemporary development in the physiology of the brain and 
nervous system. 

Vesalius accepted the current ideas that the food is endowed in the 
liver with natural spirit, that in the heart this natural spirit is con- 
verted into vital spirit which, in the brain, becomes animal spirit, 

* T, S. Patterson, “John Mayow in Contemporary Setting”, Isisj Feb. and Sept. 1931. 
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Anatomy and “which is by far the brightest and most delicate, and indeed is a 
Physiology quality rather than an actual thing. And while on the one hand it 
employs this spirit for the operations of the chief soul, on the other 
hand it is continually distributing it to the instruments of the senses 
and of movement by means of nerves, as it were by cords.” He shows 
how, by cutting or ligaturing this or that nerve, the action of this or 
that muscle can be abolished. 

“But”, he says, “how the brain performs its functions in imagination, in 
reasoning, in thinking and in memory. . .1 can form no opinion whatever. Nor 
do I think that anything more will be found out by anatomy or by the methods of 
those theologians who deny to brute animals all power of reasoning, and indeed kll 
faculties belonging to what we call the chief soul. For, as regards the structure lof 
the brain, the monkey, dog, horse, cal, and all quadrupeds which I have hitherto 
examined, and indeed all birds and many kinds of fish, resemble man in almoit 
every particular.” i 

Van Helmont, on the other hand, held that there was no soul\ 
residing in plants and in brute beasts, which possess only “a certain 
vital power. . .the forerunner of a soul”. In man, the sensitive soul 
is the prime agent of all the functions of the body. It works by means 
of archaei its servants, which, in their turn, act directly in the organs 
of the body by means of ferments allied to that which gives us wine. 
The soul dwells in the archaeus of the stomach, in some such way as 
light is present in a burning candle. The sensitive soul is mortal, but 
co-exists in man with the immortal mind. Van Helmont was a good 
chemist, but his speculative physiology was not likely to lead to an 
advance in knowledge. 

The “sensitive soul” and “immortal mind” imagined by him are 
outside and distinct from the animal spirits, which correspond to 
what might now be called the activities of the nervous tissues. This 
is true also of the “rational soul” described by the philosopher 
Descartes, and the distinction enabled him, as will be seen more fully 
later, to accept and make use of the strictest mechanical conceptions 
of the nervous phenomena themselves. 

Meanwhile, Sylvius applied knowledge gained in chemical experi- 
ments to physiology. Like van Helmont, he regarded many changes 
taking place in the living body as of the nature of ferments. But, 
whereas van Helmont considered the ferments to be due to subtle 
agencies whose effects were quite unlike ordinary chemical events, 
Sylvius denied such differences. To him physiological fermentation 
was the same in kind as the effervescence he saw when he poured 
vitriol over chalk. Thus, in opposition to the spiritualistic ideas of van 
Helmont, Sylvius taught a chemical view of physiology. This enabled 
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him and his pupils to make useful advances in the study of the Amtomy and 
digestive organs, but it did not greatly help at that time to elucidate Physiology 
the phenomena of the nerves. 

Indeed, little advance was made in the physiology of the brain and 
nervous system till the eighteenth century. The best criticism of the 
earlier speculations was made by Stensen in 1669. After pointing out 
the great difficulties which attend the dissection of the brain and the 
lack of all sound anatomical knowledge, he adds : 

There abounds indeed a rich plenty of men to whom everything is clear. Such, 
dogmatizing with the utmost confidence, make up and publish the story of the 
brain and the use of its several parts with the same assuredness as if they had 
mastered with their actual eyes the structure of so admirable a machine and 
penetrated into the secrets of the great artificer. 

Stensen himself did more than the philosophers and physicians 
whom he satirized. As the result of his dissections he made one 
pregnant suggestion, which foreshadows some of the discoveries of the 
last decades of the nineteenth century: 

If indeed the white substance of which I am speaking be, as in most places it 
seems to be, wholly fibrous in nature, wc must necessarily admit that the arrange- 
ment of its fibres is made according to some definite pattern, on which doubtless 
depends the diversity of sensations and movements. 

The use of vegetable drugs in the treatment of disease led to an Botany 
awakening of interest in the study of plants, a branch of science which 
was originally a province of the traditional lore of monastery and 
convent garden. Mediaeval symbolism was slow to relax its grip on 
botany, where it took the form of the doctrine of “signatures”, by 
which the shape of the leaf or the colour of the flower was regarded 
as an index or sign of the use designed for the plant by its Creator. 

After the Renaissance the increased security of life, the growth of 
wealth and the development in artistic feeling encouraged the laying 
out of private parks and gardens, and the more general cultivation of 
trees, vegetables and flowers. Thus, partly owing to the use of herbs 
as remedies, partly to a natural curiosity and to a more marked love 
of beauty and colour, the sixteenth century showed a great develop- 
ment in botanical knowledge. 

Botanic gardens were established at Padua in I 545 j afterwards 
at Pisa, Leyden and elsewhere, and there the rare plants brought 
home by explorers and adventurers were deposited and cared for. 

Medicine soon acquired its own gathering grounds and distilleries for 
herbs. Each Society of Apothecaries had its physic garden, one of 
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Botany which, established by the Apothecaries’ Society of London about 
1676, yet survives at Chelsea. 

The work of the botanists of the Middle Ages — men like Albertus 
Magnus and Rufinus — having been forgotten, a new start had to be 
made. The first to depart from the descriptions found in the works of 
the ancients, and to give accurate accounts from nature, was Valerius 
Cordus (1515-1544)- About this time a number of “hcrbals” con- 
taining descriptions of plants and their properties, medical and 
culinary, began to appear, founded largely on the work of Dioscorides. ^ 
In some of them the pictures differ from the text and, in the later 
books, are often more accurate. One herbal book was published bV 
William Turner in the years 1551 to 1568 and another, less accurate! 
by John Gerard in 1597. Turner was one of the first field naturalists;! 
Gerard became superintendent of Lord Burghley’s gardens at his new '\ 
house by Stamford Town. 

Gilbert of The method of experiment was employed by William Gilbert of 

Colchester Colchester (1540-1603), Fellow of St John’s College, Cambridge, and 
President of the College of Physicians. In his book, De Magneie, Gilbert 
collected all that was known about magnetism and electricity, and 
added observations of his own. The magnetic needle seems to have 
been first discovered by the Chinese towards the end of the eleventh 
century.2 Applied to navigation by Muslim sailors soon afterwards, 
it was in use in Europe by the twelfth century. In the thirteenth 
century observations were made by Peter Peregrinus but forgotten. 

Gilbert investigated the forces between magnets, and again showed 
that a magnetic needle, freely suspended, not only set roughly north 
and south as in the mariner’s compass, but also dipped, in England, 
with its north pole downwards, through an angle depending on the 
latitude. This dip or inclination was also discovered by Norman, an 
instrument maker, about 1 59b. Gilbert pointed out the importance 
of his results in navigation, and inferred, from his experiments on the 
set of the magnetic needle, that the Earth itself must act as a huge 
magnet, with its poles nearly, but not quite, coincident with the 
geographical poles. The variation in time of the magnetic set or 
declination was discovered later (1622) by Edmund Gunter, who 
found that it had changed 5 degrees in forty-two years. Gilbert states 
that, for a uniform lodestone, the strength and range of its magnetism 
is proportional to its quantity or mass. This seems to be the first 

* R. T. Gunther, Oxford, 1934, and Isis, No. 65, 1935, P- 261 j Agnes Arber, Herbals, 
Cambridge, 1938. 

* Sarton, History of Science, Vol. i, 1937, p. 756. 



THE RENAISSANCE I25 

realization of mass without reference to weight, and may have given 
the idea of mass to Kepler and Galileo, and through them to 
Newton. 

Gilbert also examined the forces developed when certain bodies, 
such as amber, are rubbed, and he coined the name electricity from 
the Greek word rjXeKrpov, amber. To measure these forces he used 
a light metallic needle balanced on a point, and increased the number 
of bodies known to show the effect. Besides experimenting, he 
speculated about the cause of magnetism and electricity. He held 
that the magnet possesses something like a soul, and the soul of the 
Earth is its magnetic force. Taking the idea of an aethereal, non- 
material influence from Greek philosophy, he imagined it to be 
emitted as an effluvium by -the magnet or electrified substance, which 
by its means embraces neighbouring bodies and draws them towards 
itself. He extended this idea to explain gravity, the force with which 
stones are pulled to the ground. In a half mystical way, he applied 
it also to the motions of the Sun and the planets. Each globe, he 
thought, had a characteristic spirit within and effused around it, and, 
by the interaction of these spirits, the orbits of the planets and the 
order of the cosmos were determined. He accepted the view that the 
Earth revolves on its axis, and this, too, he explained magnetically; 
but he was not convinced that the Earth moves round the Sun. 

Gilbert held the post of Court Physician under Elizabeth and 
James I ; indeed he was awarded a pension by the Queen to give him 
leisure to carry out his researches, a notable early Royal appreciation 
of the value of scientific experiment. His work is mentioned by Bacon 
in the Novum Organum as an example of the experimental method 
advocated therein. 

Impressed by the failure of the scholastic philosophy to advance 
men’s knowledge of and power over nature, and seeing the irrelevance 
of Aristotle’s “final causes” in science, Francis Bacon (1561-1626), 
Lord Chancellor of England, set himself to consider the theory of this 
new method of experiment. In order “to extend more widely the 
limits of the power and greatness of man”, he mapped out a course 
by which progress towards a mastery over nature might be made 
more sure. He held that, by recording all available facts, making all 
possible observations, performing all feasible experiments, and then 
by collecting and tabulating the results by rules which he only very 
imperfectly formulated, the connections between the phenomena 
would become manifest and general laws describing their relations 
would emerge almost automatically. 
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Francis Bacon Criticism of this method is obvious and easy. There are so many 

phenomena to be observed and so many possible experiments to be 
made that advances in science are seldom achieved by the pure 
Baconian method. At an early stage insight and imagination must 
come into play; a tentative hypothesis must be framed in accordance 
with the facts, a mental process called induction; its practical con- 
sequences must next be deduced mathematically or by other logical 
reasoning, and tested by observation or experiment, If discrepancies 
appear, a new guess must be made, and a second hypothesis framed, 
and so on till one is found that is in accordance with, or as we saV 
“explains”, not only the primary facts but also all those brought oui 
by the experiments specially made to test it. The hypothesis may them 
be advanced to the rank of a theory, which may serve to co-ordinatel 
and simplify knowledge, perhaps for many years. But it is seldom, if \ 
ever, safe to say that a theory is the only possible one which fits the 
facts ; it is merely an affair of probability. Indeed the facts themselves 
may increase in number and complexity as new knowledge comes to 
hand, and the theory may have to be modified or superseded by one 
more suitable to the enlarged vision of a later time. 

Bacon seems to have had little or no influence on those who were 
carrying on experimental science, except, perhaps, later on Robert 
Boyle. Nevertheless, he did something to improve instructed thought 
about the scientific problems of his day. The world had listened to 
many philosophies, and had seen no corresponding record of facts 
wherewith to test them. Rightly, therefore, in Bacon’s eyes, authenti- 
cated facts were the urgent need of the age. Bacon himself made no 
striking or successful experimental contribution to natural knowledge, 
and his theory and method of science were over-ambitious in range 
and inadequate in practice. Yet he was the first to consider the 
philosophy of inductive science, and he profoundly influenced the 
French Encyclopaedists of the eighteenth century. In terms of con- 
scious power and statesmanlike eloquence, he expressed ideas far in 
advance of his time. The doctrines of the Schoolmen were both out- 
grown and outworn; the world of philosophic thought was astir and 
ripe for a change, and Bacon pointed out what was roughly the right 
road to a wider and sounder knowledge of nature. 

Kepler The Copernican theory produced a revolution in astronomy, and 
indeed in scientific thought generally, but Copernicus was primarily 
a mathematician and did not add many new facts to natural know- 
ledge. The first astronomer to record details of planetary motions with 
a new degree of accuracy waj Tycho Brahe (1546-1601) of Copen- 
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hagen, who did not accept the complete Copernican scheme, but Kepler 
held that the Sun moved round the Earth and the Planets round the 
Sun. After many moves he settled at Prague, and was joined in his 
labours by John Kepler (1571-1630), to whom he bequeathed his 
unique collection of data. It is usual to regard Kepler’s work as con- 
sisting of the induction and verification of three statements or “laws” 
of planetary motion, those three which served as the foundation of 
Newton’s astronomy. But to study only the results built into Newtonian 
science is, on the one hand, to give too modern a cast to our portrait 
of Kepler, and, on the other, to miss the great historic interest of his 
attitude of mind. Pythagorean and Platonic influences can be detected 
underlying the work of Copernicus; in Kepler’s writings they show 
plainly alongside his methodological mathematics. 

Kepler’s official occupation consisted chiefly in editing the astro- 
logical almanacs which were then in favour, and despite his ironical 
remarks on the value to an astronomer of a lucrative profession, he 
was a believer in astrology. Nevertheless, he was a distinguished and 
enthusiastic mathematician, and it was the greater mathematical 
simplicity and harmony of the Copernican system which converted 
him thereto. “ I have attested it as true in my deepest soul”, he says, 

“and I contemplate its beauty with incredible and ravishing delight.” ^ 
Copernicus’ eulogy on the Sun was carried much further by Kepler, 
who regarded the Sun as God the Father, the sphere of the fixed stars 
as God the Son, and the intervening aether, through which he thought 
the power of the Sun impels the planets round in their orbits, as God 
the Holy Ghost. 

Kepler was convinced that God created the world in accordance 
with the principle of perfect numbers, so that the underlying mathe- 
matical harmony, the music of the spheres, is the real and discoverable 
cause of the planetary motions. This was the true inspiring force in 
Kepler’s laborious life. He was not, as usually represented, tediously 
searching for empirical rules to be rationalized by a coming Newton. 

He was searching for ultimate causes, the mathematical harmonies 
in the mind of the Creator. 

Aristotle traced the essence of things ultimately to qualitative 
irreducible distinctions, so that a tree, which produces the sensation 
of greenness in the observer, was to him itself really and essentially 
green. But to Kepler knowledge must be of quantitative characters or 
relations, and therefore quantity or number must be the fundamental 
basis of things and prior to and more important than all other categories. 

* Burtt, loc. cit. p. 47. 
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The three summaries which have survived in science as Kepler’s 
Laws are: (i) the planets travel in paths which are ellipses with the 
Sun in one focus; (2) the areas swept out in any orbit by the straight 
line joining the centres of the Sun and a planet are proportional to the 
times ; (3) the squares of the periodic times which the different planets 
take to describe their orbits are proportional to the cubes of their 
mean distances from the Sun. In these short statements an enormous 
amount of information about planetary motions acquired by astro- 
nomers of his own and former times was summarized and systematized. 

Of these three laws Kepler was most pleased with the second. Sinde 
each planet was driven by a Constant Divine Cause, AristotleTs 
Unmoved Mover, it should travel with constant speed, and, although 
this idea had to be given up in the light of the facts, Kepler was ablfc 
to “save the principle” by transferring uniformity from the paths to\ 
the areas. But to him these were only three out of many mathematical ' 
relations revealed by Copernicus’ theory. 

Another discovery which gave him even greater delight was a 
second relation in the distances. If a cube be inscribed in the sphere 
containing the orbit of Saturn, the sphere of Jupiter will just fit within 
the cube. If a tetrahedron be inscribed in Jupiter’s sphere, the sphere 
of Mars will fit within the tetrahedron, and so on for all the five 
regular solids and all the six planets. The relation is only roughly 
true, and the discovery of new planets has destroyed its basis, but to 
Kepler it gave more joy than the laws for which he is remembered. 
To him it was a new harmony in the music of the spheres, indeed the, 
true cause of planetary distances being what they are, for to him, as 
to Plato, God ever geometrizes. 

It is one of the ironies of history that a return to the mystical doctrine 
of numbers should have led Copernicus and Kepler to formulate a 
system which, through Galileo and Newton, takes us in direct descent 
to the mechanical philosophy of the French Encyclopaedists in the 
eighteenth century, and of the German materialists in the nineteenth. 

Some of the great ideas which had been seething in the minds of 
men since the Renaissance at last brought practical results in the 
epoch-making work of Galileo Galilei (1564-1642). Leonardo had 
foreshadowed the coming spirit of modern science in all the innumerable 
subjects on which he pondered. Copernicus initiated a revolution in 
the world of thought. Gilbert showed how the experimental method 
could add to knowledge. But in Galileo the new spirit went further 
than in any of his predecessors. When he had outgrown the Aristotelian 
beliefs of his youth, he graspjd the new principles ; he learned the 
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modern need of concentration, and worked out his carefully delimited 
problems in a more complete and methodical way than the universal 
genius of Leonardo could stoop to accomplish. Moreover, unlike 
Leonardo, he collected and published his researches, and thus gave 
them at once and for ever to the world. He brought Gopernican 
astronomy, based on an a priori principle of mathematical simplicity, 
to the practical test of the telescope. But above all he combined the 
experimental and inductive methods of Gilbert with mathematical 
deduction, and thus discovered and established the true method of 
physical science. 

In a very real sense Galileo is the first of the moderns ; as we read 
his writings, we instinctively feel at home; we know that we have 
reached the method of physical science which is still in use. The 
old assumption of a complete and rationalized scheme of know- 
ledge, the characteristic of mediaeval Neo-Platonism and scholastic 
philosophy alike, has been given up. Facts are no longer deduced 
from, and obliged to conform with, an authoritative and rational 
synthesis, as in Scholasticism, no longer arc they even given meaning 
thereby, as in the mind of Kepler. Each fact acquired by observation 
or experiment is accepted as it stands, with its immediate and in- 
evitable consequences, irrespective of the human desire to make the 
whole of nature at once amenable to reason. Concordances between 
the isolated facts appear but slowly, and the little spheres of know- 
ledge surrounding each fact come into touch here and there, and 
perhaps coalesce into larger spheres. The welding of all knowledge, 
scientific or philosophical, into a higher and all-embracing unity, if 
not seen to be for ever impossible, is relegated to the distant future. 
Mediaeval Scholasticism was rational; modern science is in essence 
empirical. The former worshipped the human reason acting within 
the bounds of authority; the latter accepts brute facts whether 
reasonable or not.* 

Galileo invented the first thermometer, a glass bulb containing air, 
with the end of its open tube dipping in water. In 1609 he heard 
a rumour that a Dutchman had invented a new glass which magnified 
distant objects. Galileo, from his knowledge of refraction, immediately 
constructed a similar instrument, and soon made one sufficiently good 
to magnify to thirty diameters. At once discovery followed discovery. 2 
The surface of the moon, instead of being perfectly smooth and 


* A. N. Whitehead, Science and the Modern World, Cambridge, 1927. 

2 Galileo Galilei, The Sidereal Messenger, Venice, 1610, quoted in Readings in the Literature 
of Science, Cambridge, 1924. 
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Galileo unblemished, as held by philosophers, was seen to be covered with 
markings which gave all the indications of rugged mountains and 
desolate valleys. Innumerable stars, hitherto invisible, flashed into 
sight, solving the age-long problem of the Milky Way. Jupiter was 
seen to be accompanied in its orbit by four satellites with measurable 
times of revolution, a visible and more complex model of the Earth 
and its Moon moving together round the Sun, as taught by Coper- 
nicus. But the Professor of Philosophy at Padua refused to look 
through Galileo^s telescope, and his colleague at Pisa laboured before 
the Grand Duke with logical arguments, as if with magical incantp.^ 
tions to charm the new planets out of the sky’\ I 

By means of his telescope Galileo confirmed with sensible fact^, 
which anyone, if he liked, might verify, the new theory of astronomy, 
which hitherto had been based only on its a priori grounds of mathe^ 
matical simplicity. Almost simultaneously with Galileo, the English' 
mathematician Thomas Harriot, who did much to put algebra into 
its modern form, used a telescope to observe the moon and Jupiter’s 
satellites, though his discoveries were not published in his lifetime.^ 

Galileo’s chief and most original work was the foundation of the 
science of dynamics, ^ Though some advance had been made in statics, 
especially by Stevin or Stevinus of Bruges (1586) in his work on the 
inclined plane and the composition of forces, and in hydrostatics on 
the pressure of liquids, men’s ideas upon motion had hitherto been 
a confused medley of uninstructed observation and Aristotelian 
theories. Bodies were thought to be intrinsically heavy or light, and 
to fall or rise with velocity proportional to their heaviness or lightness 
because they ‘ ‘ sought their natural places ” with varying power. About 
1590 at Delft, Stevin and de Groot proved that a heavy weight and 
a light weight let fall together reached the ground simultaneously.^ 
Galileo probably repeated the experiment (though it seems not from 
the Leaning Tower of Pisa) for he claims that a cannon ball falls no 
faster than a musket ball.^ 

Copernicus and Kepler had shown that the motion of the Earth 
and other planets could be expressed in mathematical terms. Galileo 
felt that parts of the Earth in “local motion” might also move mathe- 
matically. So he set himself to discover not why things fall, but how : 

^ Dictionary of National Biography. 

^ E. N. da C, Andrade, Science in the Seventeenth Century, 1938^ E. Mach, Die Mechanik in 
ihrer Entwickelung, 1883, T. J. McCormack, London, 1902. 

^ Whewell, loc. cit. vol. ii, p. 46; G. Sarton, Isis, No. 61, 1934, p. 244. 

* E. N. da G. Andrade, quoting Wohlwill, Galilei (vol. i, Hamburg, 1909); Gerland, 
Geschichte der Physik, 1913; Isis, 1935# p. 164; Nature, 4 Jan. 1936. 
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in accordance with what mathematical relations, a great development Galilee 
of scientific method. 

A falling body moves with constantly increasing speed. What is the 
law of the increase? Galileo’s first hypothesis, quite reasonable in 
itself, was that the speed was proportional to the distance fallen 
through. But this supposition involved a contradiction,^ and he there- 
fore tried another, namely, that the speed increased with the time of 
fall. This hypothesis was found to involve no difficulty, and Galileo 
deduced its consequences, and compared them with the results of 
experiment. 

The speed of a body falling freely proved too great for easy and 
accurate measurement with the instruments then available, and it was 
necessary to bring the speed within convenient limits. Galileo first 
convinced himself that a body falling down an inclined plane acquired 
the same velocity as though it had fallen through the same vertical 
height. He then experimented with inclined planes, and found that 
the results of his measurements agreed with those calculated from the 
hypothesis that the speed is proportional to the time of fall, and its 
mathematical consequence that the space described increases as the 
square of the time. He also re-discovered the fact that (for small 
movements) the time of swing of a pendulum is independent of the 
displacement: thus gravity increases the speed of the bob by equal 
amounts in equal times. 

Again, Galileo found that, if friction be negligible, after running 
down one plane, a ball will run up another to a vertical height equal 
to that of its starting point whatever be the slope. If the second plane 
be horizontal, the ball will run along it steadily with uniform velocity. 

Now, except perhaps by the Greek atomists and a few moderns like 
Leonardo and Benedetti (1585), it was assumed that every motion 
required a continual force to maintain it. The planets had to be kept 
in motion by Aristotle’s Unmoved Mover, or by Kepler’s action of 
the Sun, exerted through the aether. By Galileo’s investigation it 
became clear that it is not motion, but the creation or destruction of 
motion, or a change in its direction, which requires external force. 

When matter is endowed with inertia, and the planetary system is set 
in motion, it needs no force to keep the planets moving ; though some 
cause is required to explain their continual deviation from a straight 
path as they swing round the Sun in their orbits. Never before had 

' Galileo’s proof is unsatisfactory, but, as Broad points out, starting from rest, such 
a^body could acquire no velocity till it had fallen some distance, and could fall no distance 
till it had acquired some velocity. 
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Galileo it been possible even to formulate the problem, but now the way was 
open and the man was at hand. In 1642, the year that Galileo died, 
Isaac Newton was born. 

Another important discovery in dynamics was made by Galileo. 
The path of a projectile had been the subject of much speculation. 
Galileo saw that its motion could be resolved into two components — 
one horizontal, which held its velocity unchanged, and one vertical, 
which followed the laws of falling bodies. The combination of the two 
gave a parabola. 

The philosophic ideas in Galileo’s mind show his affinities witlji 
Kepler on one side and with Newton on the other. Like Kepler, he 
looked for mathematical relations in phenomena, not however in a 
search for mystical causes, but in order to understand the immutablel 
laws in conformity with which nature works, caring nothing “whether 
her reasons be or be not understandable by man”.^ 

Here we see at once how far Galileo had travelled from the homo- 
centric philosophy of Scholasticism, in which the whole of nature is 
made for man. To Galileo, on the other hand, it appeared that God 
thinks into nature this rigorous mathematical necessity, and then 
through nature so makes “the human understanding that it, though 
at the price of great exertion, might ferret out a few of her secrets”. 

Euclid and his predecessors had reduced geometry to mathematical 
order. Hipparchus, Copernicus and Kepler had shown that astronomy 
could be reduced to geometry. Galileo set out to do the same for 
terrestrial dynamics, to reduce them also to a branch of mathematics. 
In creating a new science from the confused medley of observed 
phenomena and vague ideas which form its subject matter, the first 
step is always to pick out concepts which can be given exact definition, 
good at all events for a time, and if possible in a form which enables 
us to submit them to quantitative mathematical treatment. In order 
to put his problem of the acceleration of falling bodies into a shape 
possible of investigation, Galileo first gave exact mathematical form 
to the old concepts of distance and time. Aristotle and the Schoolmen 
were chiefly interested in the ultimate cause of things and treated 
terrestrial motion, not as analogous to the celestial motions of 
astronomy, but as a branch of metaphysics. Hence motion had been 
analysed in terms of substance, with the help of such vague ideas as 
action, efficient cause, end, and natural place. Little was said or 
thought about the motion itself, save that a few distinctions were 
drawn between natural and violent motion, motion in a straight line 

* loc. cit. p. 64. 
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and motion in a circle. All this was useless to Galileo, who wished to 
study not why but how motion occurred. The qualitative method 
made space and time somewhat unimportant categories in Aristotelian 
thought. Galileo gave them that primary and fundamental character 
which they have held in physical science since his day. He and others 
realized further that there was some quantity in inertia other than 
weight, but an exact definition of mass was first given by Newton, and 
the concept of energy was only formulated and defined in the middle 
years of the nineteenth century. 

Nevertheless the first and most difficult step in mathematical 
dynamics was taken by Galileo, the step which passed from the vague 
teleological categories, into which Scholasticism analysed change and 
movement, to the definite mathematical concepts of time and space. 
Professor Burtt holds that this step has led to many of our present 
philosophic difficulties. It may perhaps be replied that it has revealed 
and clarified difficulties obscured and concealed by Aristotelian 
physics. However that may be, it is certain that, without the new 
outlook of Galileo, dynamical science could not have developed as it 
did. It was not Galileo’s fault that some of his followers over-estimated 
the bearing of that science on the problem of metaphysical reality. 
Indeed he was content to wait in acknowledged ignorance upon 
questions that can only be answered by rash speculation or deduced 
from philosophic systems. He confessed that he knew nothing about 
the nature of force, the cause of gravity, the origin of the Uni- 
verse. Rather than express extravagances, he declared it better ‘‘to 
pronounce that wise, ingenuous and modest sentence, ‘ I know it not . 

Perhaps an equally great change was made by Galileo in the philo- 
sophy of the other branches of physics. Kepler had accepted the 
distinction between the primary or inseparable qualities of bodies, 
and the secondary, which arc less real and fundamental. Galileo went 
further, and realized that secondary qualities are merely subjective 
effects on the senses, and unlike primary qualities which, he held, 
cannot be separated in any way from the bodies of which they are 
qualities. Here he comes into line with the ancient atomists, whose 
philosophy had recently been revived. Galileo says: 

I feel myself impelled by necessity, as soon as I conceive a piece of matter or 
corporal substance, of conceiving that in its own nature it is bounded and figured 
by such and such a figure, that in relation to others it is large or small, that it is in 
this or that place, in this or that time, that it is in motion or remains at rest, that it 
touches or does not touch another body, that it is single, few or many; in short by 
no imagination can a body be separated from such conditions. But that it must be 
white or red, bitter or sweet, sounding or mute, of a pleasant or unpleasant odour. 
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I do not perceive my mind forced to acknowledge it accompanied by such con- 
ditions ; so if the senses were not the escorts perhaps the reason or the imagination 
by itself would never have arrived at them. Hence I think that those tastes, odours, 
colours, etc. on the side of the object in which they seem to exist, are nothing else 
but mere names, but hold their residence solely in the sensitive body; so that if the 
animal were removed, every such quality would be abolished and annihilated.^ 

In this line of thought Galileo rediscovered the principle so tersely 
expressed by Democritus in terms of atoms and a void.^ Galileo too 
accepted the atomic theory of matter, and discussed in some detail 
how differences in number, weight, shape and velocity in atoms may 
cause differences in taste, smell, or sound. j 

Here again Galileo turned away from the picture of nature as it 
appeared to his contemporaries. The very qualities which to the plain 
man are most real, colour, sound, taste, smell, hotness or coldness, | 
became to Galileo merely sensations in the observer’s mind, produced \ 
by the arrangement or movement of atoms, themselves subject to ' 
immutable mathematical necessity. The atoms, though blind slaves 
of nature, are, to him at least, real, the secondary qualities are but 
phantoms of the senses. It was left for Bishop Berkeley a century later 
to suggest that, in ultimate analysis, the primary qualities also are but 
mental concepts based on sense perceptions. 

Galileo’s treatment of these problems has been blamed for the 
dualist and materialist philosophies which most certainly developed 
from it. To do so is perhaps to fall into the same errors that ensnared 
the French Encyclopaedists : to mistake the relations both of one of the 
sciences to the whole, and of science in general to the problem of 
metaphysical reaUty. But these problems will be dealt with more 
fully in later chapters of this book. 

Rene Descartes (1596-1650), a younger contemporary of Galileo, 
laid the foundations of modern critical philosophy, and invented new 
mathematical methods useful in physical science. He was born in 
Touraine, of a family of the demi-noblesse and studied under Jesuits 
at La Fleche, but hie chief work was accomplished during twenty 
years in Holland, and he died at Stockholm in the service of Queen 
Christina. 

Descartes showed how much unverified assumption lay beneath 
the generally received philosophic ideas. He turned from the still 
powerful mediaeval accumulations of interwoven thought, built up 
from Greek philosophy and Patristic doctrine, and tried to raise a new 
philosophy, based only on human consciousness and experience, 


* Burtt, loc. cit. p. 75. 


* See above, p. 23. 



THE RENAISSANCE 


135 

ranging from the direct mental apprehension of God to observation 
and experiment in the physical world. Nevertheless traces of Scholastic 
doctrine remained in his mind.' 

In mathematics Descartes, and independently Fermat, took the 
great step of applying the processes of algebra to geometry, in this 
developing ideas found among the Hindus, Greeks and Arabs, and 
carried further by moderns, especially Viete. Hitherto each geo- 
metrical problem had to be solved by a fresh display of ingenuity, 
but Descartes introduced a method by which this isolation was 
broken down. The primary idea of co-ordinate geometry is easily 
stated. Two straight lines, OX and OT, are drawn at right angles to 
each other from a fixed point 0, or origin. 

These lines may then be used as axes to 
specify the position of any point P in their 
plane by stating the distance OM or x of 
the point from one axis, and its distance PM 
or y from the other. The distances x and j 
are called the co-ordinates of the point, 
and different relations between x and y 
correspond to different curves in the plane q 
of the diagram. Thus Hy increases propor- Fig- 2 . 

tionately as x increases, that is if y is equal 

to X multiplied by a constant, we pass evenly over the diagram in the 
straight line OP. If y is equal to x^ multiplied by a constant, we have 
a parabola, and so on. Such equations may be treated algebraically 
and the results interpreted geometrically. In this way solutions to 
many physical problems, insoluble or very difficult before, were 
made possible. Descartes’ treatise on geometry was studied and his 
methods used by Newton. 

Descartes pointed out the importance of the work done by a force, 
the modern concept of energy. He regarded physics as reducible to 
mechanism, and even considered the human body as being analogous 
to a machine. He accepted Harvey’s discovery of the circulation of 
the blood through the arteries and veins and argued in its favour in 
the controversy which arose, but he did not believe that the blood 
was driven round by the contraction of the heart. He thought with 
the mediaevalis.s and Fernel that the human machine was kept at 
work by heat generated in the heart by natural processes. Thus to 
him the soul [Idme raisonnable) is quite distinct from the body {machine 
de terre) which it inhabits and governs. He held the Galenic theory 

* fitienne Gilson, Formation du Systeme CarUmn^ Paris, 1 930. 
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that the blood generates in the brain “ a very subtle air or wind called 
the animal spirits’’. But to him, as to van Helmont, the ‘'animal 
spirits” are not the soul, though they fit the brain to receive the 
impressions of the soul and also of external objects, and then flow from 
the brain through the nerves to the muscles and give movement to 
the limbs. 

Thus Descartes was the first to formulate complete dualism, that 
sharp distinction between soul and body, mind and matter, which 
afterwards became so general a belief and so important a philosophy. 
Before his day, and among many afterwards, the soul was regardec^ 
as of the nature of air or fire ; mind and matter differed more in degre^ 
than in kind. \ 

Descartes made an attempt to apply the known principles olJ 
terrestrial mechanics to celestial phenomena, and here, in spite of his > 
main philosophical position, he seems to have based his treatment on ^ 
the Greek and scholastic ideas of antithesis. He contrasted the world 
of matter with the world of spirits. Spirits arc personal, discon- 
tinuous: matter must therefore be impersonal, continuous, and its 
essence must be extension. The physical universe must be a closely 
packed plenum, with no empty spaces. In such a world motion can 
only be impressed on one body by contact with another, and can only 
occur in closed circuits; there is no vacuum into which a body can 
find room to pass. Hence Descartes framed his famous theory of 
vortices in a primary matter or aether, invisible but filling all space. 
As a straw floating on water is caught in an eddy and whirled to the 
centre of motion, so a falling stone is drawn to the Earth and a satellite 
towards its planet, while the Earth and the planet, with their attendant 
and surrounding vortices, arc whirled in a greater vortex round the 
Sun. 

At a later date Newton showed mathematically that the properties 
of Cartesian vortices were inconsistent with observation. For instance, 
the periodic times of different parts of a vortex must be in the duplicate 
ratio of the distances from the centre, and this must hold good if the 
planets in their vortices are to be carried round in the Sun’s vortex. 
The relation, however, cannot be reconciled with Kepler’s third law, 
which, as explained above, tells us that the squares of the periodic 
times are in proportion to the cubes of the mean distances. Neverthe- 
less, this theory of vortices obtained great vogue before, and indeed 
after, the publication of Newton’s work. It was a bold attempt to 
reduce the stupendous problem of the sky to dynamics, and as such 
made its mark on the history of scientific thought. It reduced the 
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physical Universe to a vast machine, expressible, though, as Newton 
showed, inaccurately, in mathematical terms. 

Descartes’ vortices, which produced motion by contact, seemed to 
his contemporaries much more mechanically comprehensible than 
forces acting at a distance to produce acceleration, as imagined by 
Galileo, and afterwards rationalized by Newton, for neither Galileo 
nor Newton explained the cause or mode of operation of the forces. 

Descartes’ machine was fundamentally different from the still 
prevalent views of Plato and Aristotle and the Schoolmen, according 
to whom God had created the world in order that, through man the 
crown of it all, the whole process might return to God. In Descartes’ 
scheme, God endowed the Universe with motion at the beginning, 
and afterwards allows it to run spontaneously, though in accordance 
with His Will. It is pictured as material rather than spiritual, 
indifferent rather than teleological. God, ceasing to be the Supreme 
Good, is relegated to the position of a First Cause. 

To Descartes, as to Galileo, the primary qualities, chief of which is 
extension, are mathematical realities, the secondary arc mere trans- 
lations of the primary by the human senses. But thought is as real as 
matter — cogito ergo sum. Hence Descartes arrived at a clear-cut 
dualism, shown also in his physiology. On one side there is a world 
of bodies, their essence being extension; on the other there is the inner 
realm of thought: res extensa as opposed to res cogitans. To Descartes 
matter is really dead and possesses no activity except motion derived 
from God in the beginning. Some who have called themselves 
materialists are in analysis pantheists, but Descartes, on one side of 
his dualism, is a real philosophic materialist, with no idea that the 
particles of matter arc in any sense alive. 

Cartesian dualism raises the question of the interrelation of these 
apparently unrelated entities, mind and matter. How can the un- 
extended, immaterial mind know and produce changes in the extended, 
material world? How can material things produce immaterial sen- 
sations? The answer of Descartes and his followers was, in effect, that 
God had made things so; and for those who find themselves in 
dualism, there is much to be said for that answer. 

The Aristotelian teaching at Oxford was criticized by Joseph Glan- 
vill, who supported the views of Bacon and Descartes. Descartes’ 
philosophy had a great vogue, especially on.the Continent. But his 
system was criticized by Thomas Hobbes (1588-1679), who, after 
visiting Galileo, developed dynamical science into a mechanical 
philosophy. Not understanding the exact method of mathematical 
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dynamics, Hobbes thought it applicable to all existence. He would 
have none of the Cartesian dualism: the brain was the organ of 
thought, and the only reality was matter in motion. Either ignoring 
or not seeing the difficulties, Hobbes took sensation, thought and 
consciousness as phantasms due to the action of atoms in the brain. 

Hobbes was the first great modern exponent of a mechanical philo- 
sophy, and he met with much ignorant obloquy and some instructed 
criticism. The Cambridge Platonists pointed out that a theory which 
made extension and its modes the only real properties of bodies could 
not explain life and thought, and tried to reconcile religion aiifl 
mechanical philosophy by an apotheosis of space. This process wis 
carried further by Malebranche, who identified Infinite Space with 
God Himself, a substitute for the Aristotelian Pure Form or Absolut^ 
Actuality. Spinoza held a doctrine of one infinite substance, of which^ 
all finite existences arc modes or limitations.^ God is thus the\ 
immanent cause of a consistent Universe, and the Cartesian dualism 
of mind and matter is resolved in a higher unity when viewed sub 
specie aeternitatis. Thus philosophers escaped from their difficulties by 
an appeal to God. Nevertheless, Hobbes produced an effect on 
scientific thought. 

Sir Kcnelm Digby ridiculed the Aristotelian essential qualities, and 
held with Galileo that all phenomena were to be explained by particles 
in “locall Motion Again, the implications of Galileo’s mathematical 
physics were set forth by Newton’s teacher Isaac Barrow (1630-1677). 
The object of science is to study the sensible realm, especially in so 
far as it shows quantitative continuity, and mathematics is the art of 
measurement. Thus physics, in so far as it is a science, is wholly mathe- 
matical. The best type of mathematics is geometry. Weights, forces 
and times, quantities which had become important since Galileo, arc 
difficult to relate to the concept of body as being that which is 
extended. If time is defined and measured by motion, we are in 
danger of a logical circle, for the rate of a motion involves the idea of 
time .2 But Barrow said that space and time are absolute, infinite and 
eternal, because God is omnipresent and everlasting. Space extends 
without limit continuously, and time flows for ever evenly and inde- 
pendently of sensible motions. Here we meet the first clear formula- 
tion of the ideas of absolute time and space as held by Newton. Time 
and space are represented by Barrow as being independent of human 

> H. A. Wolfson, The Philosophy of Spinoza, Harvard, 1934; Isis, No. 64, 1935, P- 543- 

2 G. Windred, “The History of Mathematical Time”, Isis, April 1933, No. 55, Vol. xix 
(i),p. 121. 
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perception and knowledge, existing in their own right, save in their 
relation to God. As Professor Burtt says: ‘‘From being a realm of 
substances in qualitative and teleological relations, the world of nature 
had definitely become a realm of bodies moving mechanically in 
space and time”.^ Nevertheless, Barrow, Newton and their immediate 
followers did not deduce a mechanical, anti-religious philosophy from 
their new mechanical science. Gassendi too, who revived the atomic 
theory of Epicurus, was a practising Catholic priest. Again, a useful 
reminder that all could not be reduced to simple mathematical terms 
was given by Robert Boyle, the physicist and chemist, and a philo- 
sopher of a very moderate, pleasing and English variety. 

As a man of science he carried on the experimentalist tradition of 
Gilbert and Harvey, and he accepted the theory of experimental 
method set forth by “our great Verulam”. He looked for relations 
between qualities immediately perceived without necessarily seeking 
for ultimate causes, whether those causes be scholastic or mathe- 
matically mechanical. To explain a fact is merely to deduce it from 
something else better known. In particular he wished to deal thus 
with the chemistry of common things without reference to the pre- 
vailing half-mystical theories of chemical principles or elements. He 
perceived the importance of the atomic theory recently revived by 
Gassendi, sought to reconcile it with the Cartesian elements of space, 
and used it in his chemical speculations and in his physics to explain 
the phenomena of heat. 

Boyle accepted, as indeed he must, the view that “secondary 
qualities” arc only phantoms of the sensations, but he justly pointed 
out that after all “there are de facto in the world certain sensible and 
rational beings that we call men”. Since, then, man with his senses 
is a part of the Universe, the secondary qualities are as real as the 
primary. Here Boyle, from an opposite side, touched a result reached 
by Berkeley, and, moreover, used an argument which still seems valid. 
The mechanical world and the thinking world are both parts of the 
whole world which philosophy has to face. It may be necessary to 
treat them as entirely separate from each other in order to bring the 
problem within human understanding; but the separation is due to 
our need of .simplifying the problem by treating it successively from 
different aspects. A better mind than ours might be able to see the 
world steadily and see it whole. 

Boyle expressed his philosophy in religious terms. Man’s rational 
soul, which bears the image of its Divine Maker, is “a nobler and 

* Burtt, loc. cit. p. 154. 
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From more valuable being than the whole corporeal world God not only 
Descartes to j^iadc the world in the beginning, but His '‘general concourse” is 
continually needed to keep it in being and at work. This, the physical 
aspect of the Christian doctrine of immanence, is a partial return 
to the old Indian and Arabic idea of continual creation. The 
immediate causes are mechanical, but the ultimate causes are non- 
mechanical. 

As a physicist Boyle, helped by Hooke, improved the air-pump 
invented in 1654 by von Guericke, and used this “Pneumatical 
Engine” in his work on the “Spring and Weight of the Air”. He 
found that air is a material substance having weight, and proved thit 
the volume of a given quantity of air is inversely proportional to the 
pressure, a relation later but independently discovered by Mariotte^ 
Boyle observed the effect of atmospheric pressure on the boiling-point 
of water; he collected many facts about electricity and magnetism 
improved Galileo’s thermometer by scaling it hermetically, and 
recorded the unvarying high temperature of the healthy human body ; 
he recognized in heat the results of a “brisk” molecular agitation. 
As a chemist he distinguished a mixture from a compound; he 
prepared phosphorus, and actually collected hydrogen in a vessel 
over water, though he described it as “air generated de ?2oz;o”; he 
obtained acetone and isolated methyl alcohol from the products of 
the distillation of wood ; he studied the form of crystals as a guide to 
chemical structure. 

But Boyle’s greatest advance on the general outlook of his day is to 
be found in his rejection of the survival in Scholasticism of the “forms ” 
of Plato and Aristotle, of the four “elements”, and of the alternative 
chemical hypothesis that the basis of substances is to be sought in the 
“principles” or “essences” of salt, sulphur and mercury. In his more 
modern application of the term, none of these were true elements. 

His ideas are set forth in a trialogue published in 1661 and 1679 
entitled The Sceptical Chymist: or Chymico-Physical Doubts and Paradoxes, 
touching the Experiments whereby Vulgar SpagirisU are wont to Endeavour 
to Evince their Salt, Sulphur and Mercury to be the True Principles of Things. 
Boyle’s spokesman thus explains his position : 

Notwithstanding the subtile reasonings I have met with in the books of the Peri- 
patetiks, and the pretty experiments that have been shew’d me in the Laboratories 
of Ghymists, I am'of so diffident or dull a Nature as to think that if neither of them 
can bring more cogent arguments to evince the truth of their assertion than are 
wont to be brought; a Man may rationally enough retain some doubts concerning 
the very number of those materiall Ingredients of mixt bodies, which some would 
have us call Elements and others Principles. 
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It is pointed out that fire, which has been assumed to resolve things From 
into their elements, really produces very different effects at different ^ 

degrees of heat, and often gives rise to new bodies which are clearly ^ 
also complex. Gold withstands fire and certainly yields neither salt, 
sulphur nor mercury, but it can be alloyed with other metals, or 
dissolved in aqua regis, and yet recovered in its original form, 
suggesting unalterable “corpuscles” of gold, which survive com- 
binations, rather than Aristotelian elements or Spagirist principles. 

A cautious proposition is offered: “It may likewise be granted, that 
those distinct Substances, which Concretes generally either afford or 
are made up of, may without very much Inconvenience be call’d the 
Elements or Principles of them”. Boyle thus broke away from all 
previous association of ideas, and formulated a modest definition of 
an element which might still be used, despite the revolutions which 
have changed the face of chemisti*y since he wrote. Boyle himself did 
not exploit all his ideas experimentally, but others made unconscious 
use of them, and, a century after Boyle’s day, they were adopted by 
Lavoisier, and became the basis of modern chemistry. 

Boyle refused a peerage and the Provostship of Eton. His versatility 
was commemorated in an Irish epitaph which, it is said, described 
him as “Father of Chemistry and Uncle of the Earl of Cork”. 

Before leaving the mathematical and physical science of this period, Pascal and 
it is necessary to refer briefly to Blaise Pascal (1623-1662), most Barometer 

widely known as a theologian, who was the founder of the mathe- 
matical theory of probability, the study of which, originating in a 
discussion concerning games of chance, has proved to be of great 
importance in recent science and philosophy, as well as in the subject 
of social statistics. Indeed the intellectual basis of all empirical 
knowledge may be said to be a matter of probability, expressible in 
terms of a bet. 

Pascal also experimented on the equilibrium of fluids. In 1615 
Beekmaii, followed in 1630 by Balliani, noted that the action of water- 
pumps compressed air. Galileo stated that a workman told him 
a pump would not raise water more than “eighteen coudees” (pre- 
sumably about 27 feet), and experiments were made by Berti (or 
Alberti) about 1640 in Rome. This led Torricelli in 1643 construct 
a mercury barometer in which, as he expected, the height of the column 
of that dense substance was less — about 30 inches,^ Then, under 
Pascal’s direction, a barometer was carried up the Puy de Dome, 
and the height of the mercury column was seen to diminish as the 

’ C. dc Waard, Thouars, 1936; review by G. Sarton, /jij. No. 71, 1936, p. 212. 
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Pascal and the instrument was taken up the mountain and the pressure of the 

Barometer atmosphere became less. Thus the column is held up by the pressure 
of the air, and not by nature’s “abhorrence of a vacuum”, as taught 
by the Aristotelians. 

Witchcraft Belief in witchcraft^ and the practice of magic are of course pre- 
historic, and may indeed form the matrix of ideas from which both 
early religions and natural science crystallized out. But, when the 
Church first conquered the world, magical fertility cults and other 
forms of witchcraft were regarded by intelligent men as relics pf 
paganism and not much feared. Saint Boniface (680-755) classed 
belief in witches among the wiles of the Devil, and the laws of Charle- 
magne made it murder to put anyone to death on a charge of witch't 
craft. The Church, too, took a lenient view — to call up Satan knowin^^ 
it to be wrong was not heresy; it was merely sin. 

But in the later Middle Ages, the Devil became more prominent. 
The magic of fertility cults revived in connection with Manichaean 
heresies till Satan became a disinherited Lucifer, an object of worship 
to the oppressed. Saint Thomas Aquinas exercised his subtle ingenuity 
in explaining away the former attitude of the Church towards witch- 
craft, and argued that, while it had been declared heresy to believe 
that the Devil could create natural thunderstorms, it was not contrary 
to the Catholic Faith to hold that, with God’s permission, he could 
make artificial ones. Pope Innocent VIII in 1484 gave the formal 
sanction of the Church to the popular belief in intercourse with Satan 
or his demons, and in the active evil powers of sorcerers and witches. 
All such sinners then became heretics, and a new and terrible weapon 
was forged for orthodoxy: heretics could be declared sorcerers and 
popular fury roused against them. Some of the victims, honestly 
holding their Manichaean heresy or primitive cult as a religion, went 
to the stake as martyrs for practising its rites. Many others were 
falsely accused. 

At the Reformation these ideas were taken over by the Protestants, 
who could use the Scriptural injunction “Thou shalt not suffer a 
witch to live” without having to explain away ancient Church canons 
which threw doubt on the reality of witchcraft. Protestants vied with 
Romanists in hunting witches. On the Continent, where confessions 

' See W. T. Lecky, History of Rationalism'^ Margaret Alice Murray, The Witch Cult in 
Western Europe, Oxford, 1921; G. L. Kittredge, Witchcraft in Old and New England, Cam- 
bridge, Mass., 1929; C. L’Estrangc Ewen, Indictments for Witchcraft, 1559-1736, London, 
1929; Lynn I’horndike, A History of Magic and Experimental Science, 4 vols. (others to follow), 
New York to 1934; Isis, No. 66, 1935^ p. 471. 
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and accusations against others were legally and regularly obtained 
by torture, nearly all of those accused confessed. In England, where 
torture was only legal for the Prerogative Courts and denied to the 
Common Law, they mostly died protesting their innocence. The 
total number of victims for the whole of Europe in two hundred years 
is variously estimated at three-quarters of a million upwards. It was 
difficult for those who were accused to escape. If they pleaded guilty, 
they were forthwith burnt alive; if not, they were tortured till they 
confessed. 

In Malleus Maleficarum^ a fifteenth-century text-book for Inquisitors, 
may be seen an account of the methods to be used in trying witches.^ 
The barbarity and perfidy of the legal processes described are almost 
beyond belief. Any means of obtaining a confession are authorized. 
Both before and after torture the judge should promise the accused 
her life, without telling her that she will be imprisoned. The promise 
should be kept for a time, but then she should be burned. In other 
cases the judge should promise to be merciful, “ with the mental reserva- 
tion that he means he will be merciful to himself or to the State”. 

Very few ventured to risk a dreadful death by protesting publicly 
against the mania. Perhaps the first was the physician Cornelius 
Agrippa (1486-1535), and possibly the second was John Weyer 
physician to Duke William of Cleves, on whose protection he depended. 
In 1563 Weyer published a book to prove that so-called witchcraft is 
usually due to delusions induced by demons, who take advantage of 
the weaknesses of women to bring about superstitious cruelties and 
the shedding of innocent blood in which they delight. ^ Reginald Scot, 
a Kentish squire, in his Discoverie of Witchcraft ( 1 584) , took the modern, 
common-sense view that the whole thing is a mixture of ignorance, 
illusion, roguery and false accusation. Scot’s book was reprinted 
several times, and for a while did “make great impressions on the 
magistracy and clergy A Jesuit, Father Spec, accompanied nearly 
two hundred victims to the stake at Wurzburg in less than two years.'* 
Horrified at the experience, he declared that he was convinced they 
were all innocent. They had made the usual confession because they 
preferred to die rather than be tortured again. In 1631 he published 
anonymously a book in which he said that “Canons, Doctors, Bishops 

^ Malleus Maleficarum, translated into English by Montague Summers, London, 1928; 
review in the Nation and Athetupum, November 24th, 1928. 

2 E. T. Withington, “Dr John Weyer and the Witch Mania”, Studies in the History and 
Method of Science y Oxford, 1^1 y. 

^ Art. “Scot”, in Dictionary of National Biography. 

* Withington, loc. cit.; C. L’Estrange Ewen, Witch Hunting, London, 1929. 
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Witchcraft of the Church could all be made to confess to sorcery by the tortures 
used”. 

But these brave men, whose names deserve to be held in ever- 
lasting remembrance, could not stop the madness which had infected 
all classes. James I wrote a book on witchcraft in which he reprobated 
Weyer and Scot; even great physicians like Harvey and Sir Thomas 
Browne assisted at the examination of witches, and the orgy of 
torture and fire went on all over Europe till the end of the seventeenth 
century or later. The story forms the blackest and most disgraceful 
page in the history of mankind till recent totalitarian days. j 

The belief in witchcraft decayed with as little apparent reason ^ 
it arose. The civilized world gradually discovered that it had ceased 
to believe in the existence of witches even before it had given up thq 
practice of burning them. It was not that the world grew more > 
tolerant or more humane, but that it had become more sceptical 
and was ceasing to fear the power of a witch. It was indeed preparing 
itself for the rationalistic philosophy and the cold intellectualism of 
the eighteenth century, which, here at any rate, have one good deed 
to their credit. Clearly this change of attitude was due chiefly to the 
advance of science, which slowly defined the limits of man’s mastery 
over nature, and disclosed the methods by which this mastery is 
attained. This stage was only reached in later years, and the great 
period dealt with in this chapter was disfigured throughout by the 
irrational belief in witchcraft. Even now, three hundred years later, 
such beliefs lie only just below the surface, ready to revive among the 
uneducated in every class. 

Mathematics The prevailing confusion between magic and science is well seen 
in the person of John Dee (1527-1608), who spent much time in 
astrology, alchemy and spiritualism, but was also a most competent 
mathematician and an early supporter of the Copernican theory. He 
wrote a learned preface to an English translation of Euclid, published 
by Billingsley in 1570. When Pope Gregory XIII corrected the 
erring calendar by ten days in 1582, Dee was employed by Elizabeth’s 
Government to report on the means of adopting the reform, and it 
was only the adverse opinion of some Anglican Bishops that caused a 
delay in England of 1 70 years. Dee brought from the Low Countries 
in 1547 an astronomer’s staflF and ring by Frisius, and two globes 
made by Mercator, famous for his projection of maps on a plane, with 
lines of latitude and longitude at right angles. Applied mathematics 
were also facilitated by Stevimis’ invention of decimal fractions. 
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Throughout this period the art of navigation was improved in 
effective fashion. Beginning as we have seen (p. 109) with the 
Portuguese Prince Henry, it draws to a close with the famous names 
of Hawkins, Frobisher, Drake and Ralegh. The Dutch, under such 
men as Erikszen and Hontman, began exploration at the end of the 
sixteenth century, and soon established settlements in the East and 
West Indies. A Charter was granted to a Dutch East India Company 
in 1601, shortly before the foundation of the corresponding English 
Company. 

At the boundary of the next period stands the lonely figure of 
Jeremiah Horrocks (1617-1641), who, in a poor Lancashire curacy, 
following Kepler’s work, ascribed to the Moon an elliptic orbit with 
the Earth in one focus, and predicted and observed for the first time 
a transit of Venus across the Sun’s disc. This enabled him to correct 
the received trace of the planet’s orbit and the estimate of its diameter. 
Fifty years later Newton himself acknowledged his debt to Horrocks. 

In this chapter we have seen at last the true beginnings of modern 
science. At the Renaissance natural science was still a branch of 
philosophy; but during the period just reviewed it succeeded in 
finding its own method of observation and experiment, illumined, 
where such methods are applicable, by mathematical analysis. Coper- 
nicus and Kepler, it is true, still sought ultimate causes in mathe- 
matical harmony, and this train of thought persisted long after the 
time of Newton in a tendency to think that when a phenomenon could 
be expressed quantitatively in mathematical terms it was explained 
philosophically as well as scientifically. This tendency, however, did 
not hamper the experimentalists. They cast off the gilded chains 
of a rational, universal synthesis, whether Aristotelian or Platonic, 
and thus became free to accept facts humbly, even though the facts 
could not be incorporated in a general scheme of knowledge. Here 
and there the facts began to fit together like the pieces of a puzzle, 
till parts of a pattern emerged. In the next period this movement was 
carried on in Newton’s formulation of the laws of gravity, the first 
great scientific synthesis, and then perhaps swung too far in the 
exaggerated mechanical philosophy of the French Encyclopaedists of 
the eighteenth century. 
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The State 
of Science 
in iGho 


W E have now reached the most important time in the early develop- 
ment of modern science, for by Newton’s supreme achievement the 
work of Galileo and of Kepler was incorporated with that of Newtop 
himself in the first great physical synthesis. It may be well t(i 
sketch in bare outline the state of science and philosophy to which^ 
Europe had been brought by the changes described in the preceding ' 
chapters. 

The scholastic structure of universal knowledge, useful as it was as 
a training in rationalism, had long become inadequate. It had been 
shaken by the revival of nominalism by Duns Scotus and William of 
Occam, by the Neo-Platonic movement which gave a philosophic 
basis for the work of Copernicus and Kepler, and iinally by the results 
of the mathematical and experimental methods of Galileo, Gilbert 
and their followers. Gilbert and Harvey had shown how experiment 
could be used empirically, and Galileo had proved that mathematical 
simplicity, which to Copernicus and Kepler was the underlying 
meaning of celestial phenomena, could be discovered also in terrestrial 
motion. The scholastic substances and causes, in terms of which 
motion had been loosely described in attempts to explain why things 
move, were thus replaced by time, space, matter and force, concepts 
now first clearly defined and used mathematically to discover how 
things move, and to measure the actual velocities and accelerations 
of moving bodies. 

Galileo had also proved experimentally that no continual exertion 
of force was needed to keep a body in motion. Once started it would 
travel forward in virtue of an innate quality somehow connected with 
weight. Here Galileo touched the concept of mass and inertia, and, 
though he did not define it clearly, his observations on falling bodies 
were enough, if properly understood, to show its exact relation with 
weight. But the pride of place given by the Scholastics to the Aristo- 
telian substance and qualities had definitely passed to matter and 
motion. The mystical meaning assigned to mathematical harmonies 
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by Copernicus and Kepler was in process of being transmuted into The State 
the idea that when a change could be expressed mathematically in 
terms of matter and motion it could also be explained mechanically, 
either by Galileo’s forces or by contact in some such way as Descartes 
imagined in his vortices. Boyle could still in 1661 argue against the 
scholastic concepts as ideas to be reckoned with in chemistry; in 
physics they were dead, though not yet buried, and echoes of old 
controversies are to be heard in the writings of Newton and his con- 
temporaries. The power of the new mathematical method in dynamics 
became more evident when, in 1 673, Huygens published his researches 
on gravity, the pendulum, centrifugal forces and the centre of 
oscillation. 

The general ideas of the atomic theory were adopted by Galileo, 
and the form given to it by Epicurus was revised and expounded more 
fully by Gassendi. This brought the conception of nature as being 
fundamentally composed of matter in motion, first realized in the 
large-scale phenomena of dynamics and astronomy, into man’s 
picture of the intimate structure of bodies. The atomic theory was not 
necessary for Galileo’s dynamics, but it fitted in well with the general 
scientific outlook which followed from his work. 

Another Greek concept which was beginning to play its part in 
seventeenth century thought was that of an inter-planetary aether. 

Kepler invoked it to explain how the Sun kept the planets moving; 

Descartes saw it in the guise of a subtle fluid or primary matter, which 
formed the vortices of his celestial machine, and thus provided for 
weight and other qualities not derivable from pure extension; Gilbert 
used it to explain magnetic attraction, and Harvey as a means of 
conveying heat from the Sun to the heart and blood of living 
animals. 

The idea of aether was still confused with Galen’s concept of 
aethereal or psychic spirits, which was used by the mystic school in 
an attempt to explain the nature of bcing.^ It must be remembered 
that the modern distinction between matter and spirit had not 
become clear. The “soul”, the “animal spirits”, and similar concepts 
were still regarded as “emanations ”, “vapours ”, things to us material. 

The unity of matter and spirit was thus maintained, except by 
Descartes, who was the first to see plainly an essential distinction 
between matter extended in space and the thinking mind. For most 
men of the period, the line seems to have been drawn between solids 
and liquids, on the one side, and air, fire, aether and spirit on the 

‘ A. J. Snow, Matter and Gravity in Newton's Physical Philosophy, Oxford, 1926, p. 170. 
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Other. Thus, to explain phenomena in terms of “aether’* was to leave 
room for direct Divine interposition. 

The current ideas are well shown by Gilbert, who supposed that 
magnetic forces are due to effluvia which draw bodies to the magnet, 
and that gravity is of the same nature as magnetic forces, each body 
possessing a “soul”, which emanates through space and draws all 
things unto it. 

Finally we must remember that all competent men of science and 
almost all philosophers of the middle of the seventeenth century 
looked on the world from the Christian standpoint. The idea of ^n 
antagonism between religion and science is of a later date. Gassenidi 
in reviving atomism was careful to avoid the connection with atheism 
given to it by the ancients. Descartes, who was accused by his 
opponents of having devised so effective a cosmic mechanism that il^ 
left no room for Providential control, held that the mathematical 
laws of nature had been established by God, Who could alternatively 
be reached through the world of thought. Thomas Hobbes, it is true, 
confined philosophy to the positive knowledge gained by natural 
science, attacked theology, and called religion accepted superstition. 
Yet he agrees that religion based on Holy Scripture should be estab- 
lished and enforced by the State. His attitude, however, was excep- 
tional. Speaking generally, the fundamental theistic assumption was 
made by all enquirers, not for purposes of apologetic, but because it 
was regarded as a universally accepted datum with which any theory 
of the Cosmos must necessarily conform. 

There were still survivals of mediaeval ways of thought; Boyle 
found it necessary to argue against scholastic ideas of chemistry no 
less than against those of the “Spagirists”. Though the Gopernican 
theory was accepted by mathematicians and astronomers, the Ptole- 
maic system was propounded in popular text books. Astrology was 
still taken seriously. The Civil War gave opportunity to astrologers 
to find, in the changes and chances of the times, almost certain 
fulfilment of any prophecy they made.* Even Newton, in his early 
days, seems to have thought astrology worth investigating. When he 
matriculated at Cambridge in 1660 and was asked what he wished to 
study, he is said to have replied: “Mathematics, because I wish to 
test judicial astrology Here we have a vivid illustration of the 
change in mental outlook which took place during Newton’s life, 


' Diet. Nat. Biography, “William Lilly”, “Henry Colley”, “John Case”. 

® Reverend H. T. Inman, Sir fyaac Newton and one of his Prism, Oxford (privately 
printed), 1927. 
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a change chiefly produced by Newton’s own work. Although astro- The State 
logical works, especially in the form of almanacs, continued to be 
issued long after his time, by the end of the seventeenth century they 
appealed only to the ignorant. 

There were other influences which helped to mould Newton’s Scientific 
intellectual environment. The new learning, for long blocked by the 
Aristotelians, had by this time found its way into some of the Uni- 
versities. The number of those concerned with natural philosophy 
was increasing rapidly, and one sign of this increase was the estab- 
lishment of societies or academies consisting of men who met together 
to discuss the new subjects and to further their progress. The earliest 
of such societies appeared in Naples in 1560 under the name of 
Accademia Secretorum Naturae, From 1603 to 1630 the first Accademia 
dei Lincei, to which Galileo belonged, existed in Rome, and in 1651 
the Accademia del Cimento was founded at Florence by the Medici. In 
England a society began to meet in 1645 Gresham College or else- 
where in London under the name of the Philosophical or Invisible 
College. In 1648 most of its members moved to Oxford owing to the 
Civil War, but in 1660 the meetings in London were revived, and in 
1662 the society was formally incorporated by Charter of Charles II 
as The Royal Society. In France the corresponding Academic des 
Sciences as founded by Louis XIV in 1666, and similar institutions 
soon appeared in other countries. Their influence in securing adequate 
discussion, in focussing scientific opinion, and in making known the 
researches of their members has had much to do with the rapid 
growth of science since their foundation, especially as most of them 
soon began to issue periodical publications. The oldest independent 
scientific periodical seems to have been the Journal des Savants, which 
was first issued at Paris in 1665. Three months later it was followed 
by the Philosophical Transactions of the Royal Society, at first the private 
venture of its secretary. Other scientific journals appeared before 
long, but, to the end of the seventeenth century or later mathe- 
maticians had to rely chiefly on letters to each other as a means of 
getting their work known — an inefficient system that led to disputes 
about priority, as, for instance, between Newton and Leibniz. 

Kepler’s work gave a model of the solar system, but the scale of the 
model — the actual dimensions of the system — could not be fixed till 
one distance had been measured in terrestrial units. 

* T. Sprat, Bishop of Rochester, History of the Royal Society, 1667; Record of the Royal 
Society, London, 1912...; Martha Ornstein, Scient^ Societies in the Seventeenth Century, 

Chicago and Cambridge, 1928; R. W. T. Gunther, Early Science in Oxford, 1921 et seq.\ 

H. Browm, Scientific Organisation in France, Baltimore, 1934 ' 
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In 1672-3 Jean Richer was sent by Colbert, the Minister of 
Louis XIV, to Cayenne in French Guiana in order to carry out 
astronomical observations useful in navigation. Among his measure- 
ments was the parallax of the planet Mars, and the most striking 
consequence of his work was a realization of the huge sizes of the Sun 
and the larger planets and the stupendous scale of the solar system. 
The Earth and man on it shrank in comparison. 

We have now sketched in outline the scientific knowledge and 
philosophic opinion in which Newton began his work. Isaac Newton 
(1642-1727) was the delicate, posthumous and single child of a small 
landowner, who farmed his 120 acres. His son was born at Woolsl 
thorpe in Lincolnshire, and educated at Grantham Grammar School^ 
He entered Trinity College, Cambridge, in 1661, where he atlendedl 
the mathematical lectures of Isaac Barrow. He was elected a Scholar \ 
of the College in 1664 and a Fellow in 1665. 1666, 

driven to Woolsthorpe by an outbreak of plague at Cambridge, he 
turned his attention to planetary problems. Galileo’s researches had 
shown the need of a cause to keep the planets and their satellites in 
their orbits and prevent them from moving off in straight lines 
through space. Galileo had represented this cause as a force, and it 
remained to show that such a force, or its equivalent, existed. 

Newton is said by Voltaire to have grasped the clue while idly 
watching the fall of an apple in the orchard of his home. He was led to 
speculate about the cause of the fall, and to wonder how far the appa- 
rent attraction of the Earth would extend, whether, indeed, since it was 
felt in the deepest mines and on the highest hills, it would reach the 
Moon and explain that body’s continual fall towards the Earth away 
from a straight path. The idea of a force decreasing as the square of 
the distance increased appears to have been in Newton’s mind already, 
and, in fact, in other men’s also. In a memorandum in Newton’s 
handwriting, found among the collection of Newtonian papers which 
Lord Portsmouth, a descendant of Newton’s half-sister Hannah 
Barton, presented to the University of Cambridge in 1872, the 
following account of these early investigations is given : 

And the same year I began to think of gravity extending to y'^ orb of the Moon, 
and having found out how to estimate the force with w^^^ a globe revolving within 
a sphere presses the surface of the sphere, from Kepler’s Rule of the periodic times 
of the Planets being in a sesquialterate proportion of their distances from the centers 
of their Orbs I deduced that the forces w^*’ keep the Planets in their Orbs must be 
reciprocally as the squares of their distances from the centers about w'^*^ they 
revolve: and thereby compared the force requisite to keepjthe Moon in her Orb 
with the force of gravity at the surface of the Earth, and found them answer pretty 
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nearJy. All this was in the two plague years of 1665 and 1666, for in those days I was 
in the prime of my age for invention^ and minded Mathematics and Philosophy 
more than at any time since. What Mr Hugens has published since about centri- 
fugal forces I suppose he had before me. 

It will be seen that there is no mention here of the story related by 
his friend Pemberton that Newton put away his calculations because, 
owing to the use of an inaccurate estimate of the size of the Earth, the 
force needed to keep the Moon in her orbit did not agree with that 
of gravity. On the contrary, Newton says that he “found them answer 
pretty nearly”. This has been pointed out by Professor Cajori,' who 
also gives evidence to show that several good enough estimates of the 
Earth’s size were available and likely to be known to Newton in 1666. 
Among them was one by Gunter, which gave one degree of latitude 
as 66f English statute miles, instead of the 60 miles which Pemberton 
suggests that he used. Cajori says: 

In view of Newton’s purchase of ‘'Gunter’s book” it is veiy probable, almost 
certain, that he knew Gunter’s estimate for the size of the earth, i° = 66| Eng. 
St. mi., which is approximately Snell’s value. If Newton used 66f , he obtained 
^5'53 instead of the correct 1 6' i feet as the fall of a body from rest in a second. 
This is an cnor of 3i %. Perhaps such a result would have elicited his remark 
that he “found them answer pretty nearly”. 

A more likely reason for Newton’s delay in publishing his calcula- 
tions was pointed out in 1887 by J. C. Adams and J. W. L. Glaisher. 
There was one great difficulty in the way of gravitational theory, 
which Newton at any rate appreciated. The sizes of the Sun and 
planets are so small compared with the distances between them that, 
in considering their mutual relations, the whole of each body may 
fairly be treated, approximately at all events, as concentrated in one 
place. But the Moon is relatively less distant from the Earth, and it 
was doubtful if taking either body as a massive point could be justified . 
Still more, in calculating the mutual forces of the Earth and the 
apple, we have to remember that, as compared with the size of the 
apple or the distance between the two bodies, the Earth is gigantic. 
The problem of calculating for the first time the combined attraction 
of all its parts on a small body near its surface was obviously one of 
great difficulty. This was probably the chief reason why Newton put 
aside his work in 1666. Cajori states that Newton also realized the 
variations of gravity with latitude and the effect of centrifugal force 
due to the rotation of the Earth, and says that he found their elucida- 
tion “more difficult than he was aware of”. Newton seems to have 

» Sir Isaac Newton, History of Science Society, Baltimore, I9a8, p. 127. 
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returned again to the problem about 1671, but once more took no steps 
towards publication. Possibly the same considerations deterred him, 
and moreover he was much worried at that time by the controversies 
into which his optical experiments had led him, and says “I had 
for some years past been endeavouring to bend myself from philo- 
sophy to other studies . Indeed, he seems to have been more interested 
in chemistry than in astronomy, and in theology than in any branch 
of natural science, while in later years he grudged the time which 
“philosophy” took from his duties at the Mint.^ 

In 1673 Christian Huygens (1629-1695), son of a Dutch diplo-j 
matist and poet, published his work on dynamics, Horologium OscillaA 
torium. Assuming the principle of the conservation of vis viva — now\ 
called kinetic energy — in dynamical systems, Huygens obtained the \ 
theory of the centre of oscillation, and opened a new method applic- ' 
able to many mechanical and physical problems. He determined the 
relation between the length of a pendulum and its time of vibration, 
invented the balance-spring for watches, and developed the theory of 
evolutes, including the properties of the cycloid. 

But for our immediate purpose his most important results are those 
on circular motion with which the book ends, though, as has been 
said before, Newton must have reached the same conclusions in 1666. 
We may put them in simpler and more modern form.^ If a body of 
mass m describes with a velocity v a circular path of radius r, as does 
a stone whirled at the end of a string, then, according to Galileo’s 
principle, a force must act towards the centre. Huygens proved that 
the acceleration a produced by this force must be equal to v^jr. 

By 1684 the general question of gravitation was in the air, Hooke, 
Halley, Huygens and Wren seem independently to have shown that. 


^ L. T. More, Isaac Newton, a Biography, New York and 
London, 1934. 

* The acceleration a towards the centre of motion, 
acting for a short time t, will produce a radial velocity at. 
Let us suppose that the velocity in the circular path in 
Fig. 3, and therefore the velocity at any moment along 
the tangent to the circle, is v. Then, in the small 
rectangle at the top of the figure, which represents 
the velocities along tlie radius and along the tangent, 
the adjacent sides are in the ratio of atjv, and this 
ratio is equal to the small angle between the radii 
drawn to two successive points on the circumference, 
or vljr. Therefore 

at vt , 0* 

— = - and a=— . 

V r r 

Since force, as defined by Newton, is measured by the 
product of mass and acceleration, the centripetal force 
necessary to maintain a body in circulawmotion is mv^jr. 
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if the planetary orbits, really ellipses, were taken as circles, the inverse 
square must be the law of force. ^ This follows at once from Huygens’ 
proof that ot in a circle with radius r is v^jr and Kepler’s third law — 
that the squares of the periodic times, and therefore the values of 
vary as r^. The latter result shows that varies as i/r. Hence 
v^jr, that is the acceleration, and therefore the force, varies as i/r^. 

Several Fellows of the Royal Society, carrying the matter further, 
had been discussing in particular whether a planet moving under 
attraction in accordance with the inverse square relation, as suggested 
by Kepler’s third law, would describe an ellipse in accordance with 
his first law. Halley, despairing of obtaining a mathematical solution 
from other sources, went to visit Newton at Trinity College in Cam- 
bridge, and found that he had solved the problem two years before, 
though he had mislaid his notes. However, Newton wrote out 
another solution and sent it and “much other matter” to Halley in 
London. Under Halley’s stimulus, Newton returned to the subject, 
and in 1685, overcoming the difficulties of the calculation, he proved 
that a sphere of gravitating matter attracts bodies outside it as though 
all its mass were concentrated at the centre. This successful demon- 
stration justified the simplification by which the Sun, the planets, the 
Earth and the Moon were taken as massive points, and raised the 
rough approximate calculations to proofs of great accuracy. The 
importance of the demonstration was brought out by Dr J. W. L. 
Glaishcr, who says : 

No sooner had Newton proved this superb theorem^ — and we know from his own 
words that he had no expectation of so beautiful a result till it emerged from his 
mathematical investigation — than all the mechanism of the universe at once lay 

spread before him It was now in his power to apply mathematical analysis with 

absolute precision to the actual problems of astronomy.^ 

This success cleared the way for Newton’s original investigation, 
by which he sought to connect astronomical forces with the Earth’s 
pull on bodies falling to the ground. Using Picart’s new measure- 
ment of the Earth, he returned to his old question of gravity and the 
Moon. The Earth could now be taken as having a centre of attraction 
at the centre of its form, and the verification of his surmise was simple. 
The distance of the Moon is about 60 radii of the Earth, and the 
earth’s radius is about 4000 miles. It follows that the Moon falls 
towards the Earth away from a straight path by about 0*0044 
in one second. If the inverse square law were true, the same force 
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* W. W. Rouse Ball, History of Mathematics^ London, 1901, p. 342. 

» J. W. L. Glaisher, Address on the bi-centenary of the publication of Newton's Principia, 1887. 
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would be (60)^5 or 3600, times as intense on the surface of the Earth, 
and should there cause a body to fall 3600 x 0-0044, about 16 feet, 
in one second. This was in accordance with the facts of contemporary 
observation, and the proof was complete. Newton had demonstrated 
that the familiar fall to the ground of an apple or a stone and the 
majestic sweep of the Moon in her orbit are due to one and the same 
unknown cause. 

His proof that gravity must make a planetary orbit an ellipse meant 
the rationalization of Kepler’s laws, and extended the result he had 
obtained for the moon to the motions of the planets. The wholp 
intricate movement of the solar system could then be deduced from 
the one assumption that each particle of matter behaved as though il^ 
attracted every other particle with a force proportional to the product^ 
of the masses and inversely proportional to the square of the distance '' 
between them. The movements so deduced were found to agree ^ 
accurately with those observed for two centuries. Even comets, with 
motions hitherto held to be irregular and incalculable, were brought 
into line; in 1695 Halley wrote that the path of the comet he had 
seen in 1682 showed that it was controlled by gravity; it returned 
periodically, and indeed was the same comet as that pictured in the 
Bayeux tapestry, a portent which was thought to presage disaster to 
the Saxons in 1066. 

The heavenly bodies, to Aristotle divine, incorruptible, and different 
in kind from our imperfect world, were thus brought into the range 
of man’s enquiry, and were shown to work in one gigantic mathe- 
matical harmony, in accordance with the dynamical principles estab- 
lished by the terrestrial experiments and inductions of Galileo and 
Newton. The publication in 1687 of Newton’s Principia, the Mathe- 
matical Principles of Natural Philosophy, marks perhaps the greatest 
event in the history of science — certainly the greatest till recent years. 

Among the secondary effects of gravitation are the tides. Much 
confusion existed on this subject before Newton considered it. Kepler 
thought that the tides were due to the Moon, but Kepler was an 
astrologer, and believed in many other stellar and planetary influences. 
Probably it was for this reason that Galileo laughs at him for having 
“given his ear and assent to the Moon’s predominancy over the water, 
and to occult properties and such like trifles”.^ 

In the Principia a sound basis for tidal theory was laid down for the 
first time. Newton investigated mathematically the gravitational 

^ System of die World, Galileo Galilei, Fourth Dialogue, quoted by J. Proudman, Isaac 
Newton, ed. W. J. Greenstreet, London, 1927, p. 87. 
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effect of the Moon and the Sun together on the waters of the Earth, 
allowing for the inertia of moving water, and the disturbing effects of 
narrow seas and channels. The conditions are very complex, but the 
theory has been elaborated in detail since Newton’s day by many 
mathematicians, among whom we may mention Laplace and Sir 
George Darwin. But the general treatment given in the Principia still 
holds good. 

The idea of mass as giving matter the property of inertia and as 
distinct from weight, first appears implicitly in the work of Galileo 
and explicitly in the writings of Balliani, a Captain of Archers at 
Genoa, who distinguished between moles and pondus} The distinction 
was made more definite in the Principia. Newton approached mass 
from the side of density, having in mind the experiments of Boyle on 
the pressure and volume of air. Since pressure p and volume v are 
inversely proportional to each other for a given amount of air, their 
product, pv, is constant, and may be taken as measuring the quantity 
of matter in the volume of the air used, or, on the atomic theory, as 
giving the number of particles squeezed into that volume. Newton 
defined mass as “the quantity of matter in a body as measured by the 
product of its density and bulk”, and force as “any action on a body 
which changes, or tends to change, its state of rest, or of uniform 
motion in a straight line”. 

He then summarizes the results of observation and definition in 
three laws of motion : 

Law I. Every body perseveres in its state of rest or of uniform motion in 
a straight line, except in so far as it is compelled to change that state by impressed 
forces. 

Law II. Change of motion (i.e. rate of change of momentum = m<x) is proportional 
to the moving force impressed, and takes place in the direction of the straight line 
in which such force is impressed. 

Law III. Reaction is always equal and opposite to action; that is to say, the 
actions of two bodies upon each other are always equal and directly opposite. 

Newton’s formulation of fundamental dynamical principles sufficed 
to support the development of the subject for two hundred years. No 
serious criticism of the assumptions that underlie it was made till 
1883, when Ernst Mach published the first edition of his Mechanics. 2 
Mach pointed out that Newton’s definitions of mass and force leave 
us in a logical circle, for we only know matter through its effects on 
our senses, and we can only define density as mass per unit volume. 

* See “Newton and the Art of Discovery”, by J. M. Child, in Isaac Newton, p, 127. 
Mr Child thinks that Newton may have been influenced by Balliani. 

2 Dr E. Mach, Die Mechanik in ifirer Entwickelung, 1O83. 
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In summarizing the history of the origins of dynamics, Mach shows 
that the dynamical work of Galileo, Huygens and Newton really 
means the discovery of only one fundamental principle, though, 
owing to the historical accidents inevitable in a completely new 
subject, it was expressed in many seemingly independent laws or 
statements. 

When two bodies act on each other, as, for instance, by their mutual 
gravitation or by a coiled spring which joins them, the ratio of the 
opposite accelerations which they produce on each other is constant 
and depends only on something in the bodies which may, if we please, 
be called mass. This principle being established experimentally, wie 
can define the relative masses of the two bodies as measured by th^ 
inverse ratio of their opposite accelerations, and the force betweeii^ 
them as the product of either mass and its own acceleration. \ 

We thus escape the logical circle involved in Newton s definitions ' 
of mass and force, and obtain a simple statement based on experiment 
from which may be derived the various principles enunciated by 
Galileo, Huygens and Newton — the laws of falling l)odies, the Lw of 
inertia, the concept of mass, the parallelogram of forces, and the 
equivalence of work and energy. 

By experiments on falling bodies, Galileo found that the velocity 
increased proportionally with the time. This gives as the primary 
relation that the gain of momentum is measured by the product of 
the force and the time, or mv = ft^ the Newtonian law. But had Galileo 
happened first upon the fact that the square of the velocity produced 
by an acceleration a increased with the space s traversed, the relation 

= 2aj, which is equivalent to Huygens’ equation of work and energy, 
fs = \mv^^ would have appeared primary. Thus it was chiefly an 
accident of history which caused force and momentum to seem simpler 
and more important, and delayed the acceptance of the ideas of work 
and energy. But they are connected, and either can be derived from 
the other. 

To return to Newton’s definitions, we can escape from the logical 
circle in another way, which, though it may be less complete than 
Mach’s method, throws light on the problems involved. Newton 
recognized that we get the mechanical notion of force from the sensa- 
tion of muscular effort, and he might have found a way out of the 
circle by this road. Dynamics may be regarded as the science whereby 
we rationalize our sensations about matter in motion, as the science 
of heat is concerned with our sensation of warmth. We have primary 
ideas derived from experienc^p about space or length and about time; 
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our muscular sense similarly gives us the idea of force. Equal forces, Mass and 
as roughly measured by this sense, are found to produce different 
accelerations on different pieces of matter, and the inertia of each piece, 
its resistance to the force /, may be called its mass and defined as 
measured inversely by the acceleration a produced by a given force. 

Thus m=//a. In this way, the idea of mass is derived from a mental 
state, our muscular sensation of force. The method may perhaps be 
criticized by some as bringing psychology into physics, but it is of some 
interest to note that it is possible to avoid the logical circle of physics 
by doing so. 

Having thus acquired a definite concept of mass, we find by experi- 
ment that the relative masses of bodies remain roughly constant. Wc 
can then make the hypothesis that this approximate constancy is 
rigorously true, or, at all events, true to a high degree of accuracy, 
and use mass Af as a third fundamental unit to those of length L and 
time T. All the innumerable deductions from this assumption were 
found to conform with observation and experiment quite accurately 
till the days of J. J. Thomson and Einstein. It was therefore abundantly 
verified, and still holds good save in very exceptional cases. 

Mass being measured by inertia, there remained the problem of 
finding its relation to weight, the force with which matter is drawn 
towards the Earth. This problem also was cleared up by Newton. 

The experiments of Stevinus and Galileo had shown that two bodies 
of different weights, and 11^25 the ground at the same rale. 

The weights are the forces produced by gravity, and the experimental 
result proves that the accelerations and ag, under the forces 
produced by gravity, are the same. With the definition of mass given 
above, the relative masses nii and of the two bodies are defined by 
the relations 

7Wi = If i/aj and = 14^2/0^2 j 

or oi^=WJm^ and 

Now it is impossible by any juggling with formulae,^ or any meta- 
physical considerations such as those which the Scholastics took over 
from Aristotle, to tell what is the relation between the two accelera- 
tions of these two different bodies when falling freely. It needed 
Stevinus’ and Galileo’s experiments with falling weights to prove that, 
as a matter of fact, = a 2 . But this being proved, it follows from the 

* Unless the juggler be Einstein and the formulae contain the principle of Relativity, 
which is itself based on experiment. Mach seems to go wrong here; he states that the 
proportionality of weight and mass follows from his definition of mass, but implicitly he 
introduces the result ai=a2. 
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definitions of mass, weight and force, as formulated in the equations, 

W, m, 

: or — - - - — 

mi W2 

that is, that the weights of the two bodies arc proportional to their 
masses, a truly remarkable result, which requires that gravity, as 
Newton said, ‘‘must proceed from a cause that ... operates not 
according to the quantity of the surfaces of the particles on which it 
acts (as mechanical causes are used to do), but according to the 
quantity of the solid matter which they contain”.^ Newton’s astroj 
nomical results show indeed that the cause of gravity must “penetrate 
to the very centres of the sun and planets, without suflering the least\ 
diminution of its force'’. ^ 

Galileo’s experiments did not attain, and indeed were not susceptible 
of, any great accuracy. Balliani, in repeating them more carefully, 
let fall a ball of iron and a ball of wax of the same size, simultaneously 
from the same point. He found that when the iron ball had fallen 
50 feet to the ground, the waxen ball had still a foot to fall. He 
rightly explained the difference as due to the resistance ol‘ the air, 
which is the same for both but is more effective in opposing the lesser 
weight of the wax.^ Newton set out to examine the result more 
closely. He showed mathematically that the time of swing of a 
pendulum must vary directly as the square root of the miiss and 
inversely as the square root of the weight. He then made careful and 
accurate experiments on different pendulums, using bobs of the same 
size so that the resistance of the air was the same on them all. 
Some of the bobs were solid, of different materials, and some were 
hollow and filled with different liquids or particles such as grain. In 
all cases he found that, for pendulums of the same length at the same 
place, the times of swing were equal within the narrow limits of error 
of the measurement. Thus Newton confirmed, to much greater 
accuracy, the result which might have been inferred from Galileo’s 
experiment, that weight is proportional to mass. 

One of the immediate results of the application of mathematical 
mechanics to the problems of astronomy was the need of improvement 
in the mathematical tools used in the researches. For this reason the 
period which saw the labours of Kepler, Galileo, Huygens and 
Newton was marked also by a great increase in mathematical 
knowledge and skill. 

‘ Principia, 1713 ed. pp. 483-4841 


Improvements 

in 

Mathematics 


Mass and 
Weight 


* J. M. Child, he. cit. 
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The infinitesimal calculus was developed in different forms by 
Newton and Leibniz, and, in spite of a later controversy, it seems 
independently.^ The introduction of the idea of varying velocity 
demanded a method of dealing with the rates of variation of changing 
quantities. A constant velocity is measured by the space s described 
in a time and the quantity sjt will be the same however great or 
small s and t may be. But, if the velocity vary, its value at any instant 
can only be found by taking a time so short that the velocity docs not 
change appreciably, and measuring the space described in that short 
time. When s and t are reduced without limit and become infinitesimal, 
their quotient gives the velocity at the instant, and this was written by 
Leibniz as dsjdt, which is called the differential coefficient of s with 
regard to t. Newton, in his method of fluxions, wrote the same 
quantity as s, a notation which is less convenient and is now super- 
seded by that of Leibniz. We have taken as an example space and 
time, but any two quantities which depend on each other may be 
treated in the same way, and the rate of variation of x andji^ may be 
written as dxjdy in Leibniz’s notation or x in Newton’s.- 

The converse process, the summation of differentials, or the estima- 
tion of a quantity itself from a knowledge of its rates of change, is 
called integration, and is usually an operation of greater difficulty. 
It is needed in such problems as Newton’s calculation of the attraction 
of a whole sphere from the attractions of each of its myriad particles.^ 
Archimedes used an equivalent method to calculate areas and volumes, 
but, too much in advance of the age, his method was lost. 

An equation which contains differential coefficients is called a 
differential equation. Most physical problems can be formulated as 
difierential equations; the difficulty usually is to integrate and thus 
to solve Ihem,^ That Newton was acquainted with the principle is 


* L. T. More, Isaac JVewton, New York, 1934, p. 565 et seq. 

The values of these differential coefficients for different functions can be calculated ; 
for instance, if;^ = A'", it can be shown that dyldx=nx"~K 

'* To each differentiation there corresponds an integration; thus, to the example of 
differentiation given above, there corresponds the integral of a”. It can be shown that 


r 

x^dx= — \-c, 

n+ 1 


unless n is - 1 , when the integral is log x-\-c. In each case c is an unknown constant, which, 
in many practical problems, can be eliminated. 

^ As a simple example, the equation a: can be rearranged as 


dx ^dy 
X y' 


o. 


The terms can then be integrated singly, and we get 


J~ + Jy=c or logx+logj^=c. 
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shown by the fact that he calculated a table giving the refraction of 
a ray of light passing through the atmosphere by a method equivalent 
to forming the differential equation to the path of the ray.^ 

In the Principia, Newton converted his results, many of which were 
probably obtained by Descartes’ co-ordinates or by fluxions, into the 
form of Euclidean geometry. The infinitesimal calculus only slowly 
became known; but, in the shape given it by Leibniz and Bernouilli, 
it is the basis of modern pure and applied mathematics. 

Newton also made advances in many other branches of mathe- 
matics. He established the binomial theorem, developed much of iht 
theory of equations, and introduced literal indices. In mathematical 
physics, besides the work on dynamics and astronomy already de-\ 
scribed, he founded lunar theory, and calculated tables by which the! 
future position of the Moon among the stars could be predicted — \ 
work of the utmost value in navigation. He created hydrodynamics, ' 
including the theory of the propagation of waves, and made many 
improvements in hydrostatics. 

Newton’s work on optics, even if it stood alone, would have placed 
him in the front rank of men of science.^ The true law of refraction, 
that the sines of the angles of incidence and refraction bear a constant 
ratio, had been discovered in 162 1 by Snell, while Fermat had pointed 
out that this was the path which gave a minimum time of passage. In 
1666 Newton procured “ a triangular glass prism to try the celebrated 
phenomena of colours”, and he chose optics as the first subject of his 
lectures and researches. His first published scientific paper was on 
light, and appeared in the Philosophical Transactions of the Royal Society 
in 1672. De la Pryme states in his diary that in 1692 Newton left 
a light burning in his room when he went to Chapel. This started 
a fire which destroyed his papers, and among them twenty years’ 
work on optics. But there is no reference to this loss in Newton’s 
preface to his book, which says : “A Discourse about Light was written 
at the desire of some. Gentlemen of the Royal Society, in the year 
1675. . .and the rest was added about twelve years after.” 

A theory of the rainbow was propounded in i6ii by Antonio de 
Dominis, Archbishop of Spalatro, who suggested that the light reflected 
from the inner surface of raindrops was coloured by traversing different 
thicknesses of water. A better account was given by Descartes, who 


* Letter to Flamsteed. Catalogue of the Newton MSS., Cambridge, 1888, p. xiii. 

Opticks, or a Treatise of the Reflections, Refractions, Inflections and Colours of Light, by Sir 
Isaac Newton, Knt, London, 1704, 1717, 1721, 1730. See also “Newton’s Work in Optics”, 
by E. T. Whittaker, in Isaac Newton, ed. W. J. Greenstrect, London, 1927 ; and in A History 
of Theories of the Aether and Electricity, E#T. Whittaker, 1910. 
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connected the colour with the refrangibility, and calculated success- Physical 
fully the angle of the bow. Marci passed white light through a prism 
and found that a coloured ray was not further dispersed by a second jjgkt 
prism. Newton cleared up the subject by extending the experiments, 
and reconstituting white light by bringing together the coloured rays. 

He also traced to similar causes the colours which disturb the vision 
through telescopes, and, concluding erroneously that the dispersion 
of white light into colour could not be prevented without at the same 
time preventing the refraction on which magnification depends, 
he gave up as hopeless the attempt to improve existing refracting 
telescopes, and invented a reflecting telescope instead. 

In the next place he examined the colours of thin plates, well 
known in bubbles and in other films and already described by Hooke. 

By pressing a glass prism on to a lens of known curvature, the colours 
were formed into circles, since called “Newton’s rings”. Careful 
measurements were made of these rings and compared with estimates, 
of the thickness of the air film from point to point. The experiments 
were repeated using light of one colour only, when alternate light and 
dark rings became visible. Newton concluded that light of each 
definite colour w^as subject to fits of easy transmission and easy 
reflection. If the rings formed by white light were looked at by 
reflected light, the particular colour which at a given thickness 
happened to be transmitted was not reflected to the eye, so that the 
eye saw white light deprived of that one constituent, that is, saw 
a complex colour. Newton inferred that some, at all events, of the 
colours of natural objects are due to their minute structure, and 
calculated the dimensions necessary to give these effects. 

He also repeated and extended the experiments by which Grimaldi 
had shown that very narrow beams of light, ordinarily travelling in 
straight lines, arc bent at the sharp edges of obstacles, so that the 
shadows are larger than they should be, and fringes of colour are 
formed. Newton .showed that the bending is increased by passing 
light through a narrow slit between two knife edges, and he made 
careful observations and measurements of the breadths of the slit and 
the angles of deflection. 

He also examined the unusual refraction effects discovered by 
Huygens in Iceland spar. In this mineral one incident ray gives rise 
to two refracted rays, and, when one of these rays is isolated, it will 
pass through another crystal of spar if the axis be parallel to that of 
the first crystal, but it will not pass if the axis of the second crystal be 
al right angles to that of the first. Newton saw that these farts 


us 
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indicated that whatever a ray of light may be, it cannot be sym- 
metrical, but must somehow be different on its different sides. This 
is the essence of the theory of polarization. 

Besides all this evidence, another fact had to be taken into account 
in considering the nature of light. In 1676 Roemer had observed that, 
when the Earth is between the Sun and Jupiter, the eclipses of his 
satellites happen seven or eight minutes earlier than the normal times, 
and, when the earth is beyond the sun, seven or eight minutes later. 
In the latter case the light of the satellites has to travel a distance 
greater than in the former by the diameter of the earth’s orbit, and,| 
from the observed discrepancy, it became clear that light cannot be\ 
propagated instantaneously but travels in a finite time. \ 

Newton says that he planned further experiments on light, but that, ' 
as it proved impossible for him to do them, he drew no definite con- 
elusions as to its nature, and only proposed some queries for others to 
follow up and answer. His final opinion seems to be summarized in 
Query 29:^ 


Are not the Rays of Light very small Bodies emitted from shining vSubstances? 
For such Bodies will pass through uniform Mediums in right Lines without bending 
into the Shadow which is the nature of the Rays of Light. . . .If Refraction be 
perform’d by Attraction of the Rays, the Sines of Incidence must be to the Sines of 
Refraction in a given Proportion. 


It is easy to show that, on the emission theory, this “given Pro- 
portion” must measure the ratio of the velocity of light in the denser 
to that in the rarer medium. Newton continues: 


Nothing more is requisite for putting the Rays of Light into Fits of easy Reflexion 
and easy Transmission, than that they be small Bodies which by their attractive 
Powers, or some other Force, stir up Vibrations in what tht'y act upon, which 
Vibrations being swifter than the Rays, overtake them successively, and agitate 
them so as by turns to increase and decrease their Velocities, and thereby put them 
into those Fits. And lastly, the unusual Refraction of Island Crystal looks very much 
as if it were perform’d by some kind of attractive virtue lodged in certain Sides both 
of the Rays, and of the Particles of the Crystal. 

The idea that light is made of particles projected into the eye may 
be traced back to the Pythagoreans, while Empedocles and Plato 
taught that something was emitted from the eye as well. This quasi- 
tentacular theory was held also by Epicurus and Lucretius, who had 
a confused notion that the eye sees a body somewhat as the hand may 
feel it with a rod. Aristotle opposed this view, and thought that light 
was an action [ivepyeia] in a medium. All these were mere guesses. 


' Loc. cit. p. 347. 

“ That is, ignoring thievery small bending due to diffraction. 
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and as such equally worthless, whether right or wrong. But some 
definite evidence was adduced by Alhazen in the eleventh century 
to show that the cause of vision proceeded from the object and not 
the eye, though the tentacular view recurred at intervals long after 
his day. 

Descartes held that light was a pressure transmitted through his 
plenum of space. Robert Hooke suggested that it was a rapid 
vibration in a medium, and this undulatory theory was worked out 
in some detail by Huygens. By a geometrical construction (Fig. 4), 
Huygens traced the process of re- 
fraction. When a wave-front (^IC) 
of light impinges from air on a 
surface [AB] of water, each point 
on the surface becomes the centre 
of one little circular wavelet re- 
flected back into the air, and of 
another spreading out into the 
water. If the wavelets be drawn 
for successive points on the surface, 
they will intersect each other in 
new wave-fronts, one in air and 
one [DB) in water. Along these 
wave-fronts, and there alone, the 
wavelets reinforce each other and produce sensible effects. The wave- 
fronts thus produced conform to the known laws of reflection and 
refraction. If the speed of light be less in water than in air, an 
assumption opposite to that necessary for the emission theory, the 
radius of the wavelets in water at a given moment will be less than 
those of the wavelets in air, and the refracted rays will be bent 
towards the normal as they are in nature. 

The chief difficulty in the way of this wave theory was to explain 
the existence of sharp shadows, Aat is, to explain the rectilinear pro- 
pagation of light. Ordinary waves bend round obstacles and show 
no such properties. A hundred years later Fresnel surmounted the 
difficulty by showing that the extreme smallness of the wave-lengths 
of light compared with the dimensions of the obstacles explained the 
difference. But to Newton rectilinear rays seemed to demand a 
corpuscular theory. 

Yet in the passage quoted above, he finds it necessary to imagine 
vibrations of some kind, swifter than the rays, to explain their 
periodicity. In previous queries he clearly contemplated an 
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aether playing other similar secondary parts. For instance in 
Query 18:^ 

If in two large tall cylindrical Vessels of Glass inverted, two little Thermometers 
be suspended so as not to touch the Vessels, and the Air be drawn out of one of 
these Vessels, and these Vessels thus prepared be carried out of a cold place into 
a warm one; the Thermometer in vacuo will grow warm as much, and almost as 
soon as the Thermometer which is not in vacuo. And when the Vessels are carried 
back into the cold place, the Thermometer in vacuo will grow cold almost as soon 
as the other Thermometer. Is not the Heat of the warm Room convey’d through 
the Vacuum by the Vibrations of a much subtiler Medium than Air, which after 
the Air was drawn out remained in the Vacuum? And is not this Medium the 
same with that Medium by which Light is refracted and reflected, and by whose 
Vibrations Liglit communicates Heat to Bodies, and is put into Fits of easy 
Reflexion and easy Transmission? And do not the Vibrations of this Medium in 
hot Bodies contribute to the intenseness and duration of their Heat? And do not 
hot Bodies communicate their Heal to contiguous cold ones, by the Vibrations of 
this Medium propagated from them into the cold ones ? And is not this Medium 
exceedingly more rare and subtile than the Air, and exceedingly moi-e elastick and 
active? And doth it not readily pervade all Bodies? And is it not (by its elastick 
force) expanded through all the Heavens? 

Newton goes on to suggest that refraction is due to the different 
density of this medium in different bodies; that it is less dense in 
heavy bodies, and much rarer within the Sun and planets than in 
free space where it grows denser as the distance from matter increases. 
He thus seeks to explain both gravitation and that higher velocity of 
light in dense media which is needed in the emission theory. The 
diffraction at the edges of obstacles is a kind of refraction produced 
by the effect of matter on aether extending beyond the surface. Thus 
to Newton aether forms the intermediary between light and ponderable 
matter. But we must remember that all these suggestions are put 
forward merely as queries at the end of the main part of the book. 
In view of the fact that Newton distinctly states that further experi- 
ments are needed, and that he puts forward the queries for others to 
answer, the complaint that Newton’s authority delayed the acceptance 
of the undulatory theory of light seems to be valid only against those 
who accepted a query as necessarily implying the answer suggested. 

It will be seen that a crucial experiment, which would decide 
between the two theories, is possible if the velocity of light can be 
measured or compared in air and in water. This was first done by 
direct observation by Foucault about 1850. The velocity was found 
to be less in water, as required by the wave theory. 

But the recent discovery of the swiftly moving corpuscles or electrons 
in cathode rays and in radio-active processes shows that particles very 

* £bc. cit. p. 323. 
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like those imagined by Newton can now be observed; indeed, the Physical 
most striking feature about Newton’s theory is its resemblance to quite ^tics and 
modern conceptions, for to Newton, as to Planck and J. J. Thomson, ^ 

“the structure of light is essentially atomic”, while Schrodinger and 
others have had to imagine a complex of particles and waves, which 
recalls even more vividly Newton’s ideas. When we remember that 
all these and other discoveries were the achievement of a young man, 
who devoted his later years as Master of the Mint to the practical work 
of recoinage, and his leisure to writings on speculative theology, we 
may well be astonished at the mind of him who, like Democritus of 
old, genus humanum ingenio super avit. 

The union of chemistry and medicine described in the previous Chemistry 
chapter continued t (5 dominate both subjects till the end of the 
seventeenth century. The iatro-chemists gradually cleared chemistry 
from what had become its disreputable dependence on alchemy, and 
brought it within the range of professional study. The number of 
known substances and reactions was largely increased, and a founda- 
tion was laid for an improvement in chemical theory. 

We have seen how Robert Boyle in his Sceptical Chymist contro- 
verted the survivals of “fire theories” — the Aristotelian four elements 
on the one hand and the prevalent chemical doctrine of the three 
principles of salt, sulphur and mercury on the other. His book marks 
a turning point on the road to modern views of chemistry. 

Newton fitted up a laboratory in the garden behind his rooms 
between the Great Gate and the Chapel in Trinity College. Doubt- 
less it was here that he carried on his experiments in optics and other 
physical subjects, but he studied chemistry too. His relative and 
assistant, Humphrey Newton, states:^ 

He very rarely went to bed before two or three of the clock, sometimes not till 
five or six. . .especially at spring and fall of the leaf, at which time he used to 
employ about six weeks in his elaboratory, the fire scarce going out night or day, 
he sitting up one night and I another, till he had finished his chemical experiments. 

Newton’s chemical interests seem to have been chiefly concerned 
with metals, with, the causes of chemical affinity, and with the 
structure of matter. In the 31st Query in his Opticks we read: 

Have not the small Particles of Bodies certain Powers, Virtues or Forces, by 
which they act at a distance, not only upon the Rays of Light for reflecting, 
refracting and inflecting them, but also upon one another for producing a great 
part of the Phaenomena of Nature? For it^s well known that Bodies act one upon 
another by the Attractions of Gravity, Magnetism and Electricity; and these 

Sir Isaac Newton, History of Science Society, Baltimore, 1928, p. 214. 
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Chemistry Instances shew the Tenor and Course of Nature, and make it not improbable but 
that there may be more attractive Powers than these. For Nature is very constant 
and conformable to herself. How these Attractions may be perform’d, I do not here 
consider. What I call Attraction may be perform’d by impulse, or by some other 
means unknoim to me. I use that Word here to signify only in general any Force 
by which Bodies tend towards one another, whatsoever be the Cause. For we must 
learn from the Phaenomena of Nature what Bodies attract one another, and what 
are the Laws and Properties of the Attraction, before we enquire the Cause by 
which the Attraction is perform’d. The Attractions of Gravity, Magnetism and 
Electricity, reach to very sensible distances, and so have been observed by vulgar 
Eyes, and there may be others which reach to so small distances as hitherto to 
escape Observation; and perhaps electrical Attraction may reach to such small 
distances, even without being excited by Friction. 

For when Salt of Tartar runs per deliquium is not this done by an Attraction 
between the Particles of the Water W'hich float in the Air in the form of Vapours? 
And why does not common Salt, or Salt-pctre, or Vitriol, run per deliquium^ but for 
want of such an Attraction?. . .And is it not from the like attractive Power between 
the Particles of Oil of Vitriol and the Particles of Water, that Oil of Vitriol draws 
to it a good quantity of Water out of the Air, and after it is satiated draws no more, 
and in Distillation lets go the Water very difficultly? And when Water and Oil of 
Vitriol poured successively into the same Vessel grow very hot in the mixing, does 
not this Heat argue a great Motion in the parts of the Liquors? And does not this 
Motion argue that the Parts of the two Liquors in mixing coalesce with Violence, 
and by consequence rush towards one another with an accelerated Motion ? 

It is probable that Newton spent more time over alchemy and 
chemistry than over those physical researches which have made him 
famous. He wrote no book on his chemical work, and beyond the 
queries in the Opticks the only record is to be found in his manuscript 
notes in the Portsmouth collection. These papers show a special 
interest in alloys; for instance, Newton states that the most fusible 
alloy of lead, tin and bismuth contains those metals in the proportions 
of 5:7: 12. The notes include many extracts copied from alchemical 
writings, and accounts of a multitude of chemical experiments on 
flame, on distillation, on the extraction of metals from their ores and 
on many other substances and their reactions. The manuscripts were 
examined and a calendar prepared and published in 1888,^ but the 
extracts given are short, and a new study of the collection seems 
desirable. It is clear that while Newton made no such striking dis- 
coveries in chemistry as he did in physics, yet he showed insight much 
beyond that of other chemists of his time, as for instance into the 
meaning of flame, which he concluded only differed from vapour as 
do bodies red-hot and not red-hot. ^ This is a far more modern view 
than that of the Aristotelians who held that fire was one of the four 

‘ A Catalogue of the Portsmouth Collection of Books and Papers written by or belonging to Si? 
Isaac Newton, Cambridge, 1888. 

“ Ibid. p. 21. 
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elements, or of those contemporary chemists who sought to explain Chemistry 
things in terms of the principles of salt, mercury and sulphur. 

Newton’s views on the constitution of matter have been given above. 

His acceptance of the atomic theory established it as orthodox, though 
it could not yet be put in the exact and quantitative form afterwards 
set forth by Dalton. Voltaire writes in the Dictionnaire Philosopher} 

The Plenum is to-day considered a chimera . . . the void is recognized ; bodies 
most hard are looked upon as full of holes like sieves, and in fact this is what they 
are. Atoms are accepted, indivisible and unchangeable, principles to which is due 
the permanence of the different elements and of the different kinds of beings. 

The effect produced on the study of the tissues and organs of animals Biology 
by the ‘improvement of lenses and the invention of the compound 
microscope has been described in the last chapter. During the period 
with which we are now concerned, similar methods were extended to 
botany, especially by Grew and Malpighi (1671), and correct ideas 
began to be formed about the cells and organs of plants. 

From Theophrastus to Gesalpinus no attention seems to have been 
given to the reproductive organs. The first to return to that study was 
probably Nehemiah Grew, who in 1676 read a paper to the Royal 
Society on the Anatomy of Plants. He speaks of the stamens as the 
male organs, and describes their action, but refers the credit for the 
idea to Sir Thomas Millington, then Savilian Professor at Oxford. 
Confirmatory evidence and additional details were given by Game- 
rarius of Tubingen, by Morland, and by Geoffroy, in a memoir 
presented to the Academy in Paris. By these botanists it was made 
clear that, in the absence of pollen from the anthers of the stamens, 
no fertilization of the ovum or formation of seed is possible. 

The earlier classifications of both animals and plants were based 
chiefly on utilitarian ideas, or on such obvious external characteristics 
as led to the division of plants into herbs, trees and shrubs. But in 
1660 John Ray (1627-1705)52 a man of high distinction in the history 
of biology, published the first of a series of works on systematic botany, 
which led to a great improvement in classification and also to advances 
in morphology, such as the recognition of the true nature of buds. 

Ray was the first to see the importance of the distinction between 
monocotyledons and dicotyledons in the embryos of plants, and, by 
using also the fruity flower, leaf, and other characters, he initiated 
a natural system of classification, and indicated many of the plant 
orders still used by botanists. He then turned to the comparative 

* Translated by Ida Freund, The Study of Chemical Composition, Cambridge, 1904, p. 283. 

“ John Ray, by C. E. Raven, Cambridge, 1943. 
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anatomy of animals, and again made an advance towards a natural 
classification, in quadrupeds, birds and insects. Ray travelled much, 
often with Francis Willughby, studying plants and animals. He 
ceased to regard the ancients as the ultimate authority, and founded 
modern natural history on the sure basis of observation. 

The two most important consequences of Newton’s labours were 
the establishment of the validity of terrestrial mechanics in celestial 
spaces, and the removal of unnecessary philosophic dogma from the 
structure of natural science. The Greek and mediaeval view, that the 
heavenly bodies were of special and divine nature, had been partly 
dissolved by Galileo’s telescope, but Newton carried the process much I 
further. Philosophy, moreover, was still confused with science. Even \ 
Descartes, in framing a mechanical theory of astronomy, founded it ^ 
upon a scholastic antithesis, and upon the metaphysical view that the 
essence of matter was extension. Hence Newton’s detachment from such 
preconceptions marks a real advance. How far a new metaphysics 
was implicit in his interpretation of his results will be considered later. 

The way in which the meaning of his work was regarded by his 
immediate disciples can be seen by Roger Cotes’ Preface to the second 
edition of the Principia. Here the surviving scholastic philosophy, with 
its innate and inexplicable qualities, is contrasted with the Cartesians’ 
premature attempt at a mechanical system of nature founded on 
a plenum filled with vortices, and with Newton’s method of accepting 
only those hypotheses which can be shown to be in accordance with 
observation. Cotes says : 

Those who have treated of natural philosophy may be nearly reduced to three 
classes. Of these, some have attributed to the several species of things specific and 
occult qualities, on which, in a manner unknown, they make the operations of the 
several bodies to depend. The sum of the doctrine of the schools derived from 
Aristotle and the Peripatetics is herein contained. They affirm that the several 
effects of bodies arise from the particular natures of those bodies ; but whence it is 
that bodies derive those natures they do not tell us, and therefore they tell us 
nothing. And being entirejy employed in giving names to things, and not in 
searching into things themselves, we may say, that they have invented a philo- 
sophical way of speaking, but not that they have made known to us true philosophy. 

Others, therefore, by laying aside that useless heap of words, thought to employ 
their pains to better purpose. These supposed all matter homogeneous, and that 
the variety of forms which is seen in bodies arises from some very plain and simple 
affections of the component particles; and by going on from simple things to those 
which are more compounded, they certainly proceed right, if they attribute no 
other properties to those primary affections of the particles than nature has done. 

' See in particular the Preface and Scholium in the Principia^ and Queries in the Opticks, 
Also A. J. Snow, Matter and Gravity in Newton's Physical Philosophy ^ Oxford, 1926; E. A. Burtt, 
The Metaphysical Foundations of Modern S^nccj New York, 1925. 
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But when they take a liberty of imagining at pleasure unknown figures and magni- Newton and 
tudes, and uncertain situations and motions of the parts ; and, moreover, of supposing Philosophy 
occult fluids, freely pervading the pores of bodies, endued with an all-performing 
subtilty, and agitated with occult motions; they now run out into dreams and 
chimeras, and neglect the true constitution of things; which certainly is not to be 
expected from fallacious conjectures, when we can scarcely reach it by the most 
certain observations. Those who fetch from hypotheses the foundation on which 
they build their speculations, may form, indeed, an ingenious romance; but 
a romance it will still be. 

There is left, then, the third class, which profess experimental philosophy. These, 
indeed, derive the causes of all things from the most simple principles possible; 
but, then, they assume nothing as a principle that is not proved by phaenomena. 

They frame no hypotheses, nor receive them into philosophy otherwise than as 
questions whose truth may be disputed. They proceed, therefore, in a twofold 
method, synthetical and analytical. From some select phaenomena they deduce 
by analysis the forces of nature, and the more simple laws offerees; and from thence 
by synthesis shew the constitution of the rest. That is that incomparably best way 
of philosophizing which our renowned author most justly embraced before the rest, 
and thought alone worthy to be cultivated and adorned by his excellent labours. 

Of this he has given us a most illustrious example by the explication of the System 
of the World, most happily deduced from the theory of gravity. 

Underlying Newton’s dynamics and astronomy are the conceptions 
of absolute space and time. Newton says that he “ does not define Time, 

Space and Motion, as being well known to all”, but he distinguishes 
between, on the one hand, relative space and time as measured by 
our senses in terms of natural bodies and motions, and, on the other, 
absolute space which exists immovably and absolute time which flows 
equably “without regard to anything external”. The idea of “flow” 
brings in that of time as a necessary component; hence this definition 
of time involves an element of circularity, though it served Newton 
well enough.^ Galileo’s ball moved in a straight line on the Earth. 

But the Earth revolves on its axis and moves round the Sun, while the 
Sun and its planets may travel through the heaven of stars. Newton 
concluded that a body moves in a straight line through absolute 
space with a constant speed, unless deflected by some force. Mach 
pointed out in 1883 that it was not legitimate to push this reasoning 
beyond reference to the fixed stars, and in the light of recent 
knowledge, we can see even more clearly that the ideas of absolute 
time and of absolute space are doctrines which do not necessarily 
follow from the physical phenomena, though perhaps in the seven- 
teenth century those ideas were fair assumptions from the facts of 
ordinary experience. Indeed, to avoid using the idea of absolute 
rotation is still a difficulty for the Complete Relativist. 

' G. Windred, “History of Mathematical Time”, Isisy No. 19, 1924, p. 121 and No. 58, 
im P- 192- 



THE NEWTONIAN EPOCH 


Newton and 
Philosophy 


170 

Newton’s work was assailed by Huygens and Leibniz as unphilo- 
sophical, because he offered no explanation of the ultimate cause of 
gravitational attraction. Newton was the first to see clearly that an 
attempt at an explanation, if necessary or possible at all, comes at 
a later stage. He took the known facts, formed a theory which fitted 
them and could be expressed in mathematical terms, deduced mathe- 
matical and logical consequences from the theory, again compared 
them with the facts by observation and experiment, and saw that the 
concordance was complete. It was not necessary to know the cause 
of the attraction; Newton regarded that as a secondary and inde- 
pendent problem, as yet only in the stage suitable for speculation. 
We might now go further, and say that it is not even necessary to 
know that such an attraction really exists. All the complex planetary 
motions happen as though each particle in the solar system attracts every 
other in agreement with the law of mass and inverse square, and that 
is enough for the mathematical astronomer. 

Newton’s attracting particles are not necessarily atoms, but it is 
clear that they can well play that role. Newton is brought back to 
particles in his chemical researches, and his views on the nature of 
matter are given in the oft-quoted words at the end of the Opticks: 

All these things being consider’d, it seems probable to me, that God in the 
Beginning form’d Matter in solid, massy, hard, impenetrable, moveable Particles, 
of such Sizes and Figures, and with such other Properties, and in such Proportion 
to Space, as most conduced to the End for which he form’d them; and that these 
primitive Particles being Solids, are incomparably harder than any porous Bodies 
compounded of them; even so very hard, as never to wear or break in pieces; 
No ordinary Power being able to divide what God himself made one in the first 

Creation It seems to me farther, that these Particles have not only a Vis inertia^ 

accompanied with such passive Laws of Motion as naturally result from that Force, 
but also that they are moved by certain active Principles, such as is that of Gravity, 
and that which causes Fermentation, and the Cohesion of Bodies. These Principks 
I consider not as occult Qualities, supposed to result from the specific Forms of 
Things, but as general Laws of Nature, by which the Things themselves are form’d; 
their Truth appearing to us by Phaenomena, though their Causes be not yet dis- 
cover’d. For these are manifest Qualities, and their Causes only are occult. And 
the Aristotelians gave the name of occult Qualities not to manifbst Qualities, but to 
such Qualities only as they supposed to lie hid in Bodies, and to be the unknown 
Causes of manifest Effects ; Such as would be the Causes of Gravity, and of magnetick 
and electrick Attractions, and of Fermentations, if we should suppose that these 
Forces or Actions arose from Qualities unknown to us, and uncapable of being 
discovered and made manifest. Such occult Qualities put a stop to the Improvement 
of natural Philosophy, and therefore of late years have been rejected. To tell us 
that every Species of Things is endowed with an occult specifick Quality by which it 
acts and produces manifest Effects, is to tell us nothing: But to derive two or three 
general Principles of Motion from Phaenomena, and afterwards to tell us how the 
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Properties and Actions of all corporeal Things follow from those manifest Principles, 
would be a very great step in Philosophy, though the Causes of those Principles 
were not yet discover’d: And therefore I scruple not to propose the Principles of 
Motion above mention’d, they being of very general Extent, and leave their Causes 
to be found out. 

It is a testimony to the wisdom of Newton’s true scientific spirit of 
caution that, since his day, in spite of many attempts, no satisfactory 
mechanical explanation of gravitational attraction has been given, 
and that, in the light of Einstein’s researches, the problem has now 
been shifted to the realms of non-Euclidean geometry. In the Principia 
Newton said, “Hitherto I have not been able to discover the cause of 
those properties of gravity from phaenomena, and I frame no hypo- 
theses”. He only published a suggestion in the form of a query in his 
book on Opiicks^ a suggestion based on the pressures of a hypothetical 
inter-planetary aether, getting denser the further away from matter, 
and thus pressing bodies together. But guesses played no part in his 
inductive examination of the facts or in his mathematical deductions 
from his theory. 

Returning to his more definite opinions, his view of nature is shown 
in the Preface to the Principia'} 

The difficulty of philosophy seems to consist in this — from the phaenomena of 
motions to investigate the forces of nature, and then from these forces to demon- 
strate the other phaenomena; and to this end the general propositions in the first 
and second books are directed. In the third book we give an example of this in 
the explication of the System of the World ; for by the propositions mathematically 
demonstrated in the first book, wc there derived from the celestial phaenomena 
the forces of gravity with which bodies tend to the sun and the several planets. 
Then from these forces, by other propositions which are also mathematical, we 
deduce the motions of the planets, the comets, the moon, and the sea. I wish wc 
could derive the rest of the phaenomena of nature by the same kind of reasoning 
from mechanical principles; for I am induced by many reasons to suspect that they 
may all depend upon certain forces by which the particles of bodies, by causes 
hitherto unknown, are either mutually impelled towards each other, and cohere 
in regular figures, or are repelled and recede from each other; which forces being 
unknown, philosophers have hitherto attempted the search of nature in vain ; but 
I hope the principles here laid down will afford some light either to that or some 
truer method of philosophy. 

Here he clearly contemplates the possibility of explaining all 
natural phenomena in mathematical terms of matter and motion, 
though whether he means the “phaenomena of nature” to include 
those of life or mind is not stated. But as far as other things go, he 
accepts as possible the mechanical view first propounded by Galileo. 

' English translation by A. Motte, ed. 1803, p. x. 
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He accepts also Galileo’s distinction between primary qualities, 
such as extension and inertia, which can be handled mathematically, 
and secondary qualities, such as colour, taste, sound, which are but 
sensations in the brain induced by the primary qualities.^ Man’s soul 
or mind is localized in the brain or sensorium, to which motions arc 
conveyed from external objects by the nerves and from which motions 
are transmitted to the muscles.^ 

Professor E. A. Burtt holds that all this shows that, in spite of 
Newton’s empiricism and insistence on the need for experimental 
verification at every turn, in spite of his rejection of all philosophic 
systems as a basis for science and of all unverifiable hypotheses in its 
building, he did of necessity assume implicitly a metaphysical system 
which had all the greater influence on thought because it was not 
explicitly stated.^ 

Newton’s authority was squarely behind that view of the cosmos which saw in 
man a puny irrelevant spectator (so far as a being w'holly imprisoned in a dark 
room can be called such) of the vast mathematical system whose regular motions 
according to mechanical principles constituted the world of nature. The gloriously 
romantic universe of Dante and Milton, that set no bounds to the imagination of 
man as it played over space and lime, had now been swept away. Space was 
identified with the realm of geometry, time with the continuity of number, llie 
world that people had thought themselves living in — a world rich with colour and 
sound, redolent with fragrance, filled with gladness, love and beauty, speaking 
everywhere of purposive harmony and creative ideals — was crowded now into 
minute corners in the brains of scattered organic beings. The really important 
world outside was a world hard, cold, colourless, silent and dead; a world of 
quantity, a world of mathematically computable motions in mechanical regularity. 
The world of qualities as immediately perceived by man became just a curious and 
quite minor effect of that infinite machine beyond. In Newton the Cartesian 
metaphysics, ambiguously interpreted and stripped of its distinctive claim for 
serious philosophical consideration, finally overthrew Aristotelianism and became 
the predominant world-view of modern times. 

Doubtless this eloquent passage represents truly the reaction of 
those who disliked the new scientific outlook. Yet to Newton and his 
immediate followers it Would have seemed quite unfair. To them the 
wonderful order and harmony which Newton had brought into the 
picture of the world gave more aesthetic satisfaction than any confused 
kaleidoscopic view of nature seen by the naive outlook of common 
sense, by the misleading concepts of Aristotelian categories, or by the 
mythical imagery of poets, and spoke to them more plainly of the 
beneficent activity of an all-powerful Creator. The world of colour, 
love and beauty was still there, though, like the Kingdom of Heaven, 

‘ Optkb, 3rd ed. p. 108. 2 Ibid. p. 328. 

^ E. A. Burn, The Metaphysical Foundations of Modern Science, New York, 1925, p. 236. 
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it was within the soul of man, a soul inspired by the Spirit of God, 
which sustains all creation in its majestic complexity, knows far more 
of its beauty than is visible to man, and beholds it as very good. 

The true Newtonian attitude was admirably expressed by Joseph 
Addison in his famous ode : 

The spacious firmament on high, 

With all the blue etherial sky, 

And spangled heav’ns, a shining frame, 

Their great Original proclaim : 


What though, in solemn silence, all 
Move round the dark terrestrial ball? 

What tho’ nor real voice nor sound 
Amid their radiant orbs be found? 

In reason’s ear they all rejoice, 

And utter forth a glorious voice, 

For ever singing as they shine, 

“The hand that made us is divine”. 

Indeed, with a very slight misunderstanding of Addison’s meaning, 
he may be taken as giving a prophetic answer to Doctor Burtt. 

It must be allowed that, at a later date, Newton’s science was taken 
by others as the basis of a mechanical philosophy, but that was not 
the fault of Newton or his friends. They did their best, in the 
theological language which was natural to them, to make clear their 
belief that Newtonian dynamics did not controvert, rather indeed 
strengthened, a spiritual view of reality. It might have been safer had 
they taken explicitly with Newton’s science Descartes’ metaphysical 
philosophy of dualism, which left a clear, if more limited, place for 
mind and soul. Nevertheless, to them theism was fundamental and 
unquestioned, and they had no fear in accepting fully and entirely 
the new science. 

The meaning of the mechanical view of nature in the light of present 
knowledge will be considered in later chapters of this book. Newton’s 
assumption that, for “the mathematical principles of natural philo- 
sophy”, the world consists of matter in motion, seems little more than 
a definition of the aspect from which dynamical science finds it con- 
venient to regard nature. There are many other aspects, physical, 
psychological, aesthetic, religious, and only when they are studied 
together can we hope to catch a vision of reality. 

Newton, in spite of his mathematical power, tried to maintain 
an empirical attitude. He continually repeats that he makes no 
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hypotheses, meaning metaphysical, unverifiable hypotheses, or those 
theories which are accepted on authority, and puts forward nothing 
that cannot be confirmed by observation or experiment. It was not 
that he had no philosophic or theological interests : quite the contrary. 
He was a philosopher and a deeply religious man, but he regarded 
these subjects as a vision to be seen from the topmost pinnacles of 
human knowledge, and not as the foundation on which it must be 
built; the end and not the beginning of science. The Principia opens 
with definitions and laws of motion which summarize the known facts. 
Two volumes are filled with the mathematical deductions from these 
statements which established the great sciences of dynamics and 
astronomy. A “General Scholium” of seven pages at the end of the 
book, added in the second edition, contains all that Newton thought 
could fairly be written in such a work on the metaphysical import of 
his physical discoveries. It is expressed in the natural theological 
language of the time. Its sense is that of the argument from design. 
“This most beautiful System of the Sun, Planets and Comets”, 
he wrote, “could only proceed from the counsel and dominion of an 

intelligent and powerful Being ” God “endures for ever and is 

everywhere present, and by existing always and everywhere, he 
constitutes duration and space”. Thus to Newton, absolute time and 
space are constituted by the everlasting and boundless Presence of God. 

In the less systematic and less formal queries in the book on Opticks, 
Newton tells us more about his speculative opinions. “The main 
Business of Natural Philosophy is to argue from Phaenomena without 
feigning Hypotheses, and to deduce Causes from Effects, till we come 
to the very first Cause, which certainly is not mechanical. . . .Does it 
not appear from Phaenomena that there is a Being incorporeal, living, 
intelligent, omnipresent, who in infinite Space as in his Sensory, sees 
the things themselves intimately, and thoroughly perceives them, and 
comprehends them wholly by their immediate presence to himself” ^ 

Newton does not conceive of God merely as a First Cause Who 
makes and starts a machine which then runs for ever alone. God is 
immanent in nature; “He governs all things and knows all things that 
are or can be done — Who being in all Places, is more able by his 
Will to move the Bodies within his boundless uniform Sensorium, and 
thereby to form and reform the Parts of the Universe, than we are by 
our Will to move the Parts of our own Bodies ”.2 With a shortsighted- 
ness unusual in him, Newton also invoked God to correct by direct 
interposition irregularities which may gradually accumulate in the 
^ Optkks, Query 28. # ® Opticks, 3rd cd. p. 379. 



THE NEWTONIAN EPOCH I75 

solar system owing to disturbing causes, such as the action of comets.^ 
When Laplace showed that such causes correct themselves, and proved 
the essential dynamical stability of the solar system, this argument 
was used against the conclusion which it had been framed to 
establish. 

Newton’s metaphysical ideas were expounded and somewhat mis- 
interpreted by Richard Bentley in his sermons and by Samuel Clark. ^ 
Bentley concludes that “universal gravitation, a thing certainly 
existent in nature, is above all mechanism and material cause, and 
proceeds from a higher principle, or divine energy and impression”, 
though its routine may be described in mechanical terms. Clark 
finds it necessary to suppose that 

Gravity cannot be explained by mutual impulsive attraction of matter, because 
every impulse acts in proportion to the mass of a body. Consequently, there must 
be a principle which can get inside of a solid and hard body, and — because attraction 
at a distance is absurd — therefore we must postulate a certain immaterial spirit, which 
governs matter according to well ordered rules. Thk immaterial force is universal in 
bodies, every’where and always.. . .Gravity or the weight of Bodies is not any 
accidental Effect of Motion or of any very subtile Matter, but an original and 
general Law of all Matter impressed upon it by God, and maintained in it by some 
efficient power, which penetrates the solid Substance of it. 


Newton did not regard gravity as a fundamental property of matter, 
but as a phenomenon to be explained by further research into physical 
causes. But Bentley and Clark took his belief in a metaphysical, 
ultimate and final cause of nature as the direct and immediate cause 
of gravity, from which he had carefully separated it. Here we see 
a misunderstanding of Newton used in a theistic direction, as it came 
to be used later in the opposite sense. Indeed, Newton seems fated to 
have been misunderstood. Action at a distance, which he held to be 
absurd, was reckoned his essential idea, and its establishment his 
greatest achievement. The “most beautiful System of the Sun, Planets 
and Comets”, which to Newton could only proceed from a beneficent 
Creator, was used in the eighteenth century as the basis for a mechanical 
philosophy, and replaced the atomism of the ancients as the starting 
point of an atheistic materialism. 

It is evident that in the age of Newton — the age of the first great 
synthesis of scientific knowledge — the revolution in the intellectual 
outlook of mankind involved a revolution in the statement of dogmatic 
religious belief. On the one hand, it was impossible to continue to 
hold the naive conception of the Cosmos which had become embedded 


Opticks, 3rd ed. p. 378. 

See A. J. Snow, Matter and Gravity in Newton's Physical Philosophy, Oxford, 1 926, p. 1 90. 
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in Aristotelian and Thomist philosophy, impossible any longer to gaze 
into heaven just above the sky and to shudder at the rumblings of hell 
beneath the ground. Light ceased to be an all-pervading mysterious 
substance of colourless purity, the very dwelling-place of God, and 
became a physical manifestation, having laws to be investigated with 
mirrors and lenses, and colours to be analysed by a prism. On the 
other hand, the type of instinctive inarticulate Platonism which is 
seen in pietism and mysticism was equally inapplicable to the new 
mental attitude. Men were left with the more rational Platonism, 
which, like the first type, held that eternal truth is reached by an 
innate power or revelation from within, yet regarded mathematical 
or geometrical harmony as the essence of being. This variety of 
Platonism led through the ideas of Galileo and Kepler to the mathe- 
matical system of Newton. It accepted the inner power or revela- 
tion as the basis of reason, and the theory then became a form of 
intellectualism, which sought to find the truth about the Divine 
Nature both in the physical order of the Universe, and in the moral 
law. ‘‘In this way a severe rationalism was put forward in opposition 
to all the romantic forms of religion that went by the name of 
‘enthusiasm’. The seat of religious belief was thus moved from the 
heart to the head :• mysticism was excommunicated by mathematics 
...the way was opened for a liberal Christianity which might 
ultimately supersede traditional beliefs”, and for the “religion within 
the limits of reason” sought by Kant.^ 

Newton played an important part in defending the University of 
Cambridge against the attack on its independence by James II. He 
was elected to the Convention Parliament which settled the suecession 
of the Crown, and was again elected in 1701. 

In 1693 he suffered from a nervous breakdown, and his friends 
decided that it would be well for him to leave Cambridge. They 
obtained for him the post of Warden of the Mint, and later he became 
Master, the highest office there. He gave up his chemical and 
alchemical researches, and put the papers concerning them into a 
locked box. 

His move to London marked a complete change in his life. His 
scientific achievements won for him a pre-eminent position, and for 
twenty-four years, from 1 703 till his death, he was President of the 
Royal Society, which gained much authority by his unique powers 
and reputation. In spite of the absence of mind which marked his 
early years, his work at the Mint showed that he had become an 

' G. S. Brett, Sir Isaac Newton, Baltimore, 1928, p. 269. 
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able and efficient man of affairs, though he was always nervously 
intolerant of criticism or opposition. 

His niece Catherine Barton, a witty and beautiful woman, kept 
house for him, and it was on this second part of his life that the 
eighteenth century built up its Newtonian legend. Catherine married 
John Conduitt; their only child became the wife of Viscount Lyming- 
ton and the Lymingtons’ son succeeded to the Earldom of Portsmouth. 
Thus Newton’s belongings passed into the possession of the Wallop 
family. In 1872 the fifth Lord Portsmouth gave some of Newton’s 
scientific papers to the Cambridge University Library. At a later date 
some more of his books and papers were sold. Part of the papers were 
acquired by Lord Keynes; the books were bought by the Pilgrim 
Trust, and have now (1943) been presented to Trinity College. 
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THE EIGHTEENTH CENTURY 

Mathematics and Astronomy— Chemistry— Botany, Zoology and Physiology- 
Geographical Discovery — ^From Locke to Kant — Determinism and Materialism. 

It was unfortunate that the difference in notation used by Newton 
and Leibniz in their separate discoveries of the infinitesimal calculus 
was complicated by a dispute about priority. For one or both of these 
reasons, there arose a divergence between the work of the English and 
Continental mathematicians. The former used Newton’s symbols, but 
for the most part neglected his new process of analysis to follow the 
geometrical methods in which he was accustomed to recast his results. 
Consequently the English school had little share in the development 
of the new calculus in the first half of the eighteenth century, carried 
out on the Continent especially by James Bcrnouilli. But experi- 
mentally one blank in Newton’s scheme was filled later by measure- 
ments of actual gravitational terrestrial forces, and thus of the gravita- 
tion constant; Maskelyne about 1775 observed the deflection of a 
plumb line on opposite sides of a mountain, and in 1 798 Henry 
Cavendish described observations on the attraction between two 
heavy balls in a delicate torsion balance devised by Michell. This 
method was also used by Boys in 1895. He found that two point 
masses of i gramme each, i centimetre apart, would attract one 
another with a force of 6-6576 x io“® dynes, which makes the density 
of the Earth 5-5270 times that of water. 

Newton’s work was made known in France by the writings of 
Maupertuis and others, and carried on by d’Alembert, Clairault and 
Euler. Voltaire spent the years from 1726 to 1729 in England,* and 
with Madame du Chatelet published a popular treatise on the 
Newtonian system, which proved a source of inspiration to many of 
the writers in the famous French Encyclopidie. 

The first edition of that unequal work was published, under great 
difficulties, between 1751 and 1780, in thirty-five folio volumes, 
Diderot being general editor and, for the early years, d’Alembert 
taking charge of the articles on mathematics. The work served to focus 

* M. S. Libby, Voltaire and the Sciences^^tv^ York, 1935; Merton, Isis, No. 68, 1936, 
p. 442. 
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scientific thought. Its general tone was preponderatingly theistic but 
heretical, with an increasing tendency to attack the Government, the 
Roman Church, and finally Christianity itself. 

In mathematics and its applications Taylor (1715) and Maclaurin 
(1698-1746) showed how to expand certain series, and used them 
in the theory of vibrating strings and in astronomy. Bradley 
obtained a definite velocity for light from observations of the aberra- 
tion of the stars (1729; see p. 399). Euler (1707-1783) created new 
departments in analysis, revised and improved many branches of 
mathematics, and published books on optics and on the general 
principles of natural philosophy. 

Joseph Louis Lagrange (1736-1813), perhaps the greatest mathe- 
matician of the century, was chiefly interested in pure theory. He 
created the calculus of variations, and systematized the subject of 
differential equations. But his sweeping generalizations could often 
be used in physical problems. He himself published work on astro- 
nomy, in which he advanced the treatment of the diflicult problem 
of calculating the mutual gravitational effect of three bodies. Also, in 
his great treatise Mkanique Analytique^ he founded the whole of 
mechanics on the conservation of energy in the form of the principles 
of virtual velocities and least action. 

The principle of virtual velocities (or virtual work), used by 
Leonardo da Vinci to deduce the law of the lever, was defined by 
Stevin as “What is gained in power is lost in speed”. Maupertuis 
gave the name of “action” to the sum of the products of space (or 
length) and velocity, and, assuming for metaphysical reasons that 
something should be a minimum in such processes as the propagation 
of light, showed that the facts agreed with the supposition that light 
chose the path of least action. Lagrange extended the principle to 
the motion of any bodies, the “action” being defined as the space 
integral of the momentum or double the time integral of the kinetic 
energy. We shall meet this quantity action again in Hamilton’s 
equations, and finally in Planck’s recent quantum theory. 

Lagrange’s differential equations gave to the subject a new generality 
and completeness. They reduced the theory of mechanics to general 
formulae from which can be derived the particular equations needed 
for the solution of each separate problem.' 

But even more was done to develop the Newtonian system by 

1 By Newton’s second law of motion, the rate of change of momentum of a particle is 
equal to the impressed force. Applying this along each of three axes x, y and z at right 
angles to each other, wc have mx^X, my=Y and mz=Z* where m is the mass and X, T and 
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Mathematics Pierre Simon de Laplace (1749-1827), the son of a cottager in 
and Normandy, who, by his own abilities and skilful successive adapta- 
tions to a changing environment, endqi as a Marquis of the 
Restoration. 

Laplace improved the treatment of problems of attraction by 
adapting Lagrange’s method of potential,^ and he completed Newton’s 
work in one most important aspect, for he proved that the planetary 
motions were stable, the perturbations produced either by mutual 
influences, or by external bodies such as comets, being only temporary. 
Thus Newton’s fear that the solar system would become deranged 
with time by its own action was shown to be unwarranted. 

In 1796 Laplace published his SysUme du Monde ^ which contains 
a history of astronomy, a general account of the Newtonian system, 
and of the nebular hypothesis, according to which the solar system 
was evolved from a rotating mass of incandescent gas, a suggestion 
which had been made in 1755 by Kant, who went further than 
Laplace, and imagined creation ex nihilo and the formation of the 
nebula from primordial chaos. Modern research shows that this 
hypothesis is not sound for the comparatively small structure of 
the Sun and planets, but may hold good for the larger aggregates 
of stars, seen in the process of formation in the spiral nebulae 
and at a later stage of development in our own stellar galaxy or 
‘‘Milky Way”. 

Laplace’s analytical discussion was given in his larger work, Mica- 
nique Celeste, in 1799-1805,2 in which he translated the substance of 
Newton’s Principia into the language of the infinitesimal calculus, and 
completed it in many details. 


Z are the components of the force acting. From these expressions Lagrange deduced 
general equations of motion in the form 


ddL_dL^ 
dtdq dq 


where L, the Lagrangian function, represents the difference between the kinetic and 
potential energies of the systcyn, t the time and Q, the external force acting on the system 
so as to tend to increase any co-ordinate q. 

* The physical meaning of potential may be suggested by saying that the rate of decrease 
of potential in any direction measures the force in that direction on the unit, mass, 
electric charge or whatever it be. Laplace showed that the potential V always satisfies the 
difierential equation 


dW dW 02F 

V*F= — H -I =0. 

dx^ dz^ 


may be termed the local concentration of V. Poisson obtained (1813) a more general 
form, V*F= —477^, a relation which appears in all branches of mathematical physics and 
“may represent analytically some general law of nature which has not been yet reduced 
to words” (Rouse Ball). 

* A final historical volume was issued in 1825. 
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Rouse Ball gives the following account of what happened when 
Laplace went to present his book to Napoleon: 

Someone had told Napoledh that the book contained no mention of the name 
of God; Napoleon, who was fond of putting embarrassing questions, received it 
with the remark, “ M. Laplace, they tell me you have written this large book on the 
system of the universe, and have never even mentioned its Creator”. Laplace, who, 
though the most supple of politicians, was as stiff as a martyr on every point of his 
philosophy, drew himself up and answered bluntly, “Je n’avais pas besoin de cette 
hypolh^se-li”. Napoleon, greatly amused, told this reply to Lagrange, who 
exclaimed, “Ah! e’est une belle hypoth^se; 9a explique beaucoup dc choscs”. 

Laplace co-ordinated all existing work on probability, and explained 
capillarity by the assumption of forces of attraction insensible at all 
save minute distances. He also explained the fact that too small a 
figure was given for the velocity of sound in air by Newton’s formula 
of the square root of the elasticity divided by the density. Laplace 
traced the discrepancy to heat which, developed in the wave by the 
sudden compression and absorbed by the sudden expansion alternately, 
increases the elasticity of the air, and therefore the velocity of the 
sound. 

Further work on gravitational astronomy did little more than com- 
plete the work of Newton and Laplace. What seemed a final test of 
the validity of Newton’s hypothesis of attraction was given in 1846 by 
prediction of the existence of an unknown planet, a reversal of the 
method of Newton and Laplace. The perturbations from its orbit of 
the planet Uranus were not fully to be accounted for by the action of 
the other known bodies, and, to explain these irregularities, the 
influence of a new planet was assumed, and its necessary position 
calculated independently by John Couch Adams of Cambridge and 
the French mathematician Leverrier. Turning his telescope to the 
position indicated by Leverrier, the astronomer Galle of Berlin detected 
a planet to which the name of Neptune was given. 

The accuracy of Newton’s theory proved to be amazing. For two 
centuries every fancied discrepancy was resolved, and, by help of the 
theory, generations of astronomers were able to explain and predict 
astronomical phenomena, Even now the experimental resources of 
civilization must be exhausted in order to show that Newton’s law of 
gravity involves certain minute discrepancies with our present know- 
ledge of astronomy. Lagrange described the Principia as the greatest 
production of the human mind, and Newton, not only as the greatest 
genius that had ever existed, but also as the most fortunate: “for there 
is but one universe, and it can happen to but one man in the world’s 
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history to be the interpreter of its laws”. The verdict would be 
expressed otherwise now, in the light of the stupendous complexity of 
nature since revealed to us. But it serves well to show the effect in the 
next century of Newton’s work on r)ne of the minds best able to 
appreciate it. 

In the early years of the eighteenth century, experimental chemistry 
was carried further by many skilful observers. Wilhelm Homberg 
studied the combination of alkalies with acids in different proportions, 
and thus supplied evidence in favour of the theory that a salt is 
formed by the union of an acid and a base. This theory, which arose 
from the work of Sylvius, was the starting point of many of the modern 
ideas of chemical structure, and fills an important place in history. 

The next generation was marked by the work of Hermann Boer- 
haave of Leyden, who published in 1732 “the most complete and 
luminous chemical treatise of his time’V of Stephen Hales, 
who investigated gases such as hydrogen, the two oxides of carbon, 
sulphur dioxide, marsh gas and others, regarding them all as air 
modified or “tinctured” in different ways by the presence of other 
bodies. 

The chief difficulty of the early chemists was to understand the 
phenomena of flame and combustion. When bodies arc burnt, it 
seems that something escapes. This something, for long identified with 
sulphur, was called “phlogiston”, the principle of fire, by G. E. Stahl 
(1660-1734), physician to the King of Prussia. His theory, developed 
from the ideas of Beecher, was widely accepted after his death, and 
dominated the chemical thought of the later years of the eighteenth 
century. Both Rey and Boyle had shown that when metals were burnt 
the solid increased in weight; therefore phlogiston must possess a 
negative weight, and Aristotle’s conception of a body essentially light 
was born again out of due time. Chemical science, ignoring the 
achievements of physics, learnt to express its facts in terms of this 
hypothesis. Owing to its influence, as well as to that of older theories, 
isolated investigations which pointed to more modern views failed to 
impress the minds of chemists ; the facts had to be rediscovered and 
then reinterpreted. 

As described in Chapter III, the existence of an active principle in 
the air and its significance in respiration and combustion had been 
demonstrated a century before the final discovery of oxygen. Oxygen 
was prepared from saltpetre by Borch in 1678, and once more in 1 729 
by Hales, who collected it over water. Carbon dioxide was obtained 

* Sir Ed. Thorpe, History of ChemistTy, vol. i, London, 1921, p. 67. 
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and given the name “ gas silvestre” by van Helmont about 1640, and Chemistry 
the isolation of hydrogen may even be traced back to Paracelsus, who 
described the action of iron filings on vinegar. Yet all these obscrva^ 
tions were forgotten and their significance lost; air was still believed 
to be the only gaseous element. 

In the eighteenth century chemical industry began to stimulate the 
science. Joseph Black of Edinburgh, about 1755, discovered that a 
new ponderable gas, distinct from atmospheric air, was combined in 
the alkalies. He named this gas “fixed air”. It was what we now call 
carbon dioxide or carbonic acid. In 1 774 Scheele discovered chlorine. 

Joseph Priestley (1733-1804) prepared oxygen by heating mercuric 
oxide, and discovered its unique power of supporting combustion. 
Following earlier work (p. 12 1) he also showed that it was essential to 
the respiration of animals. But he described it as dephlogisticated air, 
and failed to perceive that his discovery had turned a new page in the 
history of science. Henry Cavendish (1731-1810) demonstrated the 
compound nature of water in 1781 (published in 1784), thus dethroning 
it from its proud position as one of the elements. But he still described 
its constituent gases as phlogiston and dephlogisticated air. In 1783 
James Watt published the same views, which afterwards led com- 
mentators to a controversy about priority. 

Antoine Laurent Lavoisier (1743-1794), who was sent to the 
guillotine with other farmers of the taxes, since “the Republic had no 
need of savants”, disproved the prevalent idea that water was con- 
verted into earth when boiled. He showed that the residue left was 
dissolved from the vessels (glass, etc.), and that water, repeatedly 
distilled, was pure and constant in density. 

Lavoisier repeated the experiments of Priestley and Cavendish, 
accurately weighing his reagents and products. For instance, in one 
experiment he heated to just below its boiling-point 4 ounces of 
mercury in contact with 50 cubic inches of air. Red calx of mercury 
was formed and increased till the twelfth day. The weight of the 
calx was 45 grains, and the volume of the residual air was 42 to 
43 cubic inches, f of the original volume. The residual air would 
not support combustion, and small animals died in it in a few 
minutes. 

The 45 grains of red calx were then heated strongly in a small 
retort. 41^ grains of metallic mercury and a gas were formed. The 
latter was collected over water, measured, and found to fill 7 to 
8 cubic inches and to weigh 3^ to 4 grains. But 41^ + 3i = 45 grains, 
so that all the substance was accounted for — the total mass had 
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remained constant. The gas maintained both flame and life more 
vigorously than ordinary air. Lavoisier says : 

Reflection on the conditions of this experiment shows that the mercury on 
calcining absorbs the salubrious and respirable portion of the atmosphere, and that 
the portion of the air which remains behind is a noxious kind of gas incapable of 
supporting combustion and respiration. Hence atmospheric air is composed of two 
elastic fluids of different and so to speak opposite nature. 

Lavoisier grasped the all-important fact that to explain this and 
many similar experiments, as well as those of Priestley and Cavendish, 
the theory of phlogiston was not needed, that it was unnecessary to 
invent a body with properties fundamentally different from those of 
other material substances. Newton had based his mechanics on the 
assumption that mass was constant, an assumption justified by his 
success. He proved also that, while mass and weight were different 
conceptions, they were accurately proportioned to each other when 
compared experimentally. Lavoisier, by the unanswerable evidence 
of the balance, showed that, although matter may alter its state in 
a series of chemical actions, it docs not change in amount; the 
quantity of matter is the same at the end as at the beginning of every 
operation, and can be traced throughout by its weight. The con- 
stituents of water were seen to be gases with the ordinary properties 
of matter, possessing mass and weight, and Lavoisier named them 
hydrogen (the water-forming element) and oxygen ( the acid-forming 
element).^ Burning and respiration were finally shown to be alike in 
kind ; one a quick, and the other a slow, process of oxidation, each 
leading to an increase in weight equal to the weight of oxygen com- 
bined. The conception of phlogiston with negative weight vanished 
from science. The principles established by Galileo and Newton in 
mechanics were carried over into chemistry. 

We must now pick up the story of Biology as it was left by Ray. 
Ray seems to have obtained some of his terminology from the work 
of Jung, and through Ray it passed to Linnaeus (Carl von Linne, 

1 707-1 778) , the son of a Swedish clergyman, who founded his famous 
system of classification on the sex organs of plants. This classification 
held its own till replaced by the modern system which, returning by 
the light of evolution to the ideas of Ray, and considering all the 
characters of the organism, tries to place the plants in groups which 
express their natural relations. 

^ Both proved misnomers : hydrogen is present in many compounds besides water, and 
acids exist without oxygen; e.g. in 1808 Davy could extract nothing from hydrochloric 
acid but hydrogen and chlorine, both elements. * 
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An approach to a systematic double nomenclature in plants was Botmy, 
made by Bauhin and Tournefort, and carried further by Linnaeus. 
Linnaeus turned his attention also to the varieties of the human 
species, having been struck by the obvious differences of race brought 
to his notice during his wanderings among the Laplanders in his 
search for Arctic plants. In his System of Nature he placed man with 
apes, lemurs and bats in the order of “Primates”, and subdivided 
man into four groups according to skin colour and other characteristics. 

A corresponding development in the knowledge of animals was 
stimulated by the information acquired by travellers, and by the 
arrival of specimens of rare and strange beasts to grace the various 
royal menageries. The close of the first stage in modern zoological 
science was marked by the publication by Buffon (1707-1788) of an 
encyclopaedic Natural History of Animals. Here again the microscope 
when applied gave an insight first into intimate structure and then 
into the functions of the different organs, and moreover showed the 
existence of vast numbers of minute living bodies, both animal and 
vegetable, hitherto unsuspected. Though regarding Linnaeus’ classi- 
fication as “unc verite humiliante pour Thomme”, Buffon ^ould not 
close his eyes to the evidence pointing towards animal relationships, 
and he ventured the remark, which he afterwards withdrew, that, had 
it not been for the express statements of the Bible, one might be 
tempted to seek a common origin for the horse and the ass, the man 
and the monkey. 

In ancient and mediaeval times men believed that living things 
might arise spontaneously from dead matter. Frogs, for instance, 
might be generated from mud by sunshine, and, when the new world 
was discovered, it was suggested that perhaps the aboriginal Americans, 
whose descent from Adam was difficult to trace, might have had the 
same kind of origin. The first serious doubt about spontaneous genera- 
tion seems to have been raised by Francesco Redi (1626-1679), who 
showed that, if the flesh of a dead animal were protected from insects, 
no grubs or maggots appeared in it. Redi’s experiments were con- 
sidered to be incompatible with the teaching of the Scriptures, and 
were attacked on that ground; an interesting fact in the light of the 
controversy which arose in the nineteenth century over the work of 
Schwann and Pasteur. Here the protagonists had changed sides. 

Vogt, Haeckel and other materialists upheld the belief in spontaneous 
generation as a naturalistic explanation of the origin of life, while 
orthodox theologians welcomed negative results as showing that life 
had only arisen by a direct act of God. Even in our own day attempts 
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to prove spontaneous generation were reprobated as being based on 
the assumption that life might arise without direct creation. It seems 
difficult for some minds to accept facts without reference to their 
fancied implications. But, to return to the eighteenth century, we 
find that Redi’s work was repeated by the Abbe Spallanzani (1729- 
1799), who confirmed the experiments, and proved that not even 
minute forms of life would develop in decoctions which had been 
boiled vigorously and then protected from the air. Here we see 
anticipations of Pasteur and of modern bacteriology. 

In Chapter III we left animal physiology when Sylvius had thrown 
aside van Hclmont’s spiritualistic ideas of ferments governed by 
archaei under the rule of the sensitive soul, and was trying to explain 
digestion, respiration and other functions of the body by means of an 
effervescence like that which occurs when vitriol is poured on iron 
filings or on ashes long exposed to the air. 

The pendulum now swung back again. ^ Stahl carried over into 
physiology the mental outlook from which he had studied chemistry. 
He maintained the view that all the changes of the living body, 
though they might superficially resemble ordinary chemical actions, 
were yet fundamentally different, because they were directly governed 
by a sensitive soul, anima sensitiva, which pervaded all parts. 

Stahl’s '‘sensitive soul ”, unlike that described by van Hclmont, had 
no need of intermediaries — archaei or ferments. It controlled directly 
the chemical and other processes of the body. It differed entirely 
from the “rational soul” of Descartes’ philosophy. To Descartes with 
his sharp dualism, the human body apart from the soul was a machine, 
governed by ordinary mechanical laws. To Stahl it was not governed 
by ordinary physical and chemical laws; but, as long as it was alive, 
it was controlled in all details by the sensitive soul on a plane far above 
physics and chemistry. The living body was fitted for special purposes 
— to be the true and continued temple of the soul, which built up the 
body and used it for vital ends. The link between soul and body, 
according to Stahl, was to be found in motion; the preservation and 
repair of structures, sensation and its concomitants, are modes of 
motion directed by the sensitive soul. Thus Stahl was the founder of 
modern vitalism, though his “sensitive soul” passed later into a 
vaguer “vital principle”. 

Meanwhile those who did not follow Stahl were divided into a 
mechanical school and a school that laid more stress on chemical 
fermentation. Boerhaave combined these views in his Institutiones 
‘ Sir M. Foster, History of Physiology ^ Cambridge, 1901. 
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Medicae (1708), though he held that digestion was more of the nature 
of solution than of fermentation. Dr Singer says that, considering the 
wide range of his powers, Boerhaave must be regarded as the greatest 
physician of modern times. ^ 

Later in the century, by experiments on kites, dogs and other 
animals, new insight into digestion was gained, especially by de 
Reaumur and Spallanzani. Blood pressure was first measured experi- 
mentally in horses by Stephen Hales,^ who also measured the pressure 
of the sap in trees. 

Sir Michael Foster considered that the year 1757 marks “the 
dividing line between modern physiology and all that went before”, 
because in that year was published the first volume of the Elementa 
Physiologiae of Albrecht von Haller ( 1708-1 777). ^ In this work, of 
which the eighth and last volume left the press in 1765, Haller gives 
a systematic and candid account of the then state of physiological 
knowledge about all parts of the body. He himself made important 
advances in the study of the mechanics of respiration, of the develop- 
ment of the embryo, and of muscular irritability. 

He recognized a force inherent in muscle, which for some little 
time survives the death of the body. But usually the muscles are 
called into action by another force carried to the muscles from the 
brain by the nerves. Experiments show, he says, that nerves alone 
feel; they are therefore the only instruments of sensation as, by their 
action on muscles, they are the only instruments of movement. All 
the nerves are gathered into the medulla cerebri in the central parts of 
the brain, whence it may be inferred that “this central part of the 
brain feels and that in it are presented to the mind the impressions 
which the nerves, distributed at their extreme ends, have carried to 
the brain”. This is confirmed by the phenomena of disease and by 
experiments on living animals. Passing on to “conjectures” he 
suggests that the nervous fluid is “an element of its own kind”, that 
the nerves are hollow tubes to contain it, and that, since both sensation 
and movement have their source in the medulla of the brain, the 
medulla is the seat of the soul. 

While astronomy was throwing light on the motion of the heavenly 
bodies, and physiology was groping amid the mysteries of the human 
frame, geographical discovery was widening the knowledge of the 
surface of the Earth. The art of navigation had been much improved. 
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‘ G. Singer, A Short History of Medicine, Oxford, 1928, p. 140, 
2 Stephen Hales by A. E, Clark-Kcnnedy, Cambridge, 1929. 

® Foster, p. 204. 
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Stevin invented decimal arithmetic at the end of the sixteenth century, 
Napier introduced logarithms in 1614, and Oughtred the slide rule 
in 1622. The measurement of longitude became possible when the 
position of the Moon among the stars could be predicted by Newton’s 
lunar theory, and thus the apparent time of the same celestial 
phenomenon obtained at two places. The measurement only became 
easy and accurate when John Harrison improved the chronometer 
in 1761-1762 by compensating the effect of changes in temperature 
by the unequal expansion of two metals. When that was done, 
Greenwich time could be taken on each ship, and compared with 
astronomical events so as to give the longitude. 

In the seventeenth and eighteenth centuries systematic exploration 
of the globe began to be undertaken. If the explorers of this period 
cannot claim for their voyages the full romance associated with the 
pioneers of discovery in the fifteenth and sixteenth centuries, pioneers 
who first revealed the Earth as we now know it,^ the work of these 
later navigators is remarkable for the growth of the spirit of scientific 
investigation which it displays, and it had much to do with the 
general change in intellectual outlook registered in the French En- 
cyclopaedia. 

Among the explorers, I must mention, as in private duty bound, 
William Dampier (1651-1715), who was one of the first to show the 
new attitude of mind. His keen eye noted every new tree or plant, 
and his facile pen described its form and hue with careful accuracy. 
His Discourse on Winds became a Classic of meteorology, and he also 
made notable advances in knowledge both in hydrography and in 
terrestrial magnetism. ^ 

Dampier began his adventures as a buccaneer, and had to make 
his own way in the world till his books made him famous. Seventy 
years later, however, scientific interest in exploration had much 
increased, and with it the status of the explorer. Captain James Cook 
(1728-1779), who had pubhshed work on a solar eclipse, was sent out 
at the instance of the Royal Society to observe a transit of Venus from 
Tahiti in the South Pacific Ocean. His later voyages of discovery 
were conducted with the hope of finding an Antarctic Continent. In 
this they failed, but they secured much information of scientific value, 
such as the cause and treatment of scurvy, and the geography of • 
Australia, New Zealand and the Pacific Ocean. 

‘ W. Olmsted, Isis, 94, p. 117 (1942). 

2 Dampier* s Voyages, London, 1699, 1715, 1906; Clennell Wilkinson, Life of William 
Dampier, London, 1929; Journal Rojml Geographical Socie 0 f, Nov. 1929, 74, p. 478. 
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In England, Dampier’s books of “Voyages” led to a literary out- Geographical 
burst, for which Defoe set the fashion in Robinson Crusoe and Swift in 
Gulliver's Travels, The voyages of Dampier, Cabot, Baudier, Chardin, 

Bernier and others had much to do with the general intellectual 
development of France in the years before the Revolution.^ Several 
of those who wished to criticize the world under the French Monarchy 
wrote books to show how much better it would be in a far island 
Utopia. By the real observations and false conclusions of actual 
explorers and the imaginations of the romancers, cults arose of fancied 
“Republiques d’Outre Mer”, of “Le Bon Sauvage” and “Le Sage 
Chinois”. The virtues of other religions, Buddhist, Confucian or 
Pagan, were extolled, and used by Deists and other anti-Christians to 
attack the Roman Church. 

This literature probably had more effect among the people at large 
than had the writings of philosophers and men of science, and may 
explain why the eighteenth century accepted readily the views of 
Rousseau and Voltaire, views so different from those expressed a 
hundred years before by Pascal and Bossuet. The rosy pictures of 
primitive life helped such fallacies as the theory of the social contract, 
the inevitability of progress, and the perfectibility of mankind, as well 
as such follies as the Revolutionary Reign of Reason. Mistakes like 
these are best corrected by history and anthropology. Man, we find, 
when he advances at all, does so not by a priori reasoning based on 
fair-seeming premises, but by a rough, stumbling process of trial 
and error. 

The idea of the “noble savage” in romantic literature^ is the 
equivalent of the “ golden age ’ ’ of the ancients, and appears in T acitus’ 
descriptions of the Germans. Columbus revived it in modern times, 
and in Montaigne it is fully developed. The first to use the actual 
words “noble savage” in English was perhaps Dryden, but during 
the romanticism which began in England about 1730 and reached 
its height about 1790 the idea was frequently employed. Doubtless 
the Biblical Garden of Eden had much to do with the view that 
civilization was corrupt compared with primitive life. 

In attempting a summary of the scientific thought of the eighteenth From Locke 
century, not only must we consider the work of the great physicists, 
chemists and biologists, but also that of some writers who were 
primarily philosophers. 

' W. H. Bonner, Captain William Dampier and English Travel Literature^ Stanford, C^ifomia 
and Oaeford, 1934; Geoffrey Atkinson, Les Relations des Voyages du XVIII Siicle et V Evolution 

dw Paris, 1925. .t j o 

* H. N. Fairchild, The Noble Savage, Columbia Press and London, 192a. 
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The philosopher John Locke (1632-1704), though most of his life 
fell in the seventeenth century, belonged in spirit to a later age. He 
practised as a physician, and in 1669 found it necessary to argue 
against scholastic disputations in medicine and in favour of an appeal 
to experience as exemplified in the methods of his friend Dr Sydenham, 
who observed diseases and studied epidemics scientifically. Locke 
even performed an operation on one Lord Shaftesbury and brought 
another into the world. But nevertheless his chief work must be taken 
to be the philosophical Essay Concerning Human Understanding (1690). 

Both in political and philosophic thought Locke represents a 
moderate and rational liberalism, in contrast with the political 
absolutism and philosophic radicalism of Hobbes. Locke had a whole- 
some British respect for facts and aversion to abstract a priori reasoning. 
He examined the limits of possible human knowledge, and protested 
against anything being held to be independent of rational criticism. 
Ideas arc not innate, though some knowledge may be self-evident to 
the educated reason. Other knowledge must be acquired by rational 
demonstration. All human thoughts are due to experience, either of 
external things (sensations) or of perception of the operations of our 
minds (reflections). 

From a study of the minds of children and simple folk, Locke infers 
that the senses first suggest to us primary ideas, such as extension, 
motion, sound or colour. Then comes an association of what is alike 
in them, leading to abstract ideas. Thus to sensation comes the 
internal sense of reflection. We know nothing of substances except 
their attributes, and those only from sense-impressions such as touch, 
sight or sound. Only from the attributes showing themselves frequently 
in a constant connection do we gain the complex idea of a substance 
underlying the changing phenomena. Even feelings and emotions 
arise from the combination and repetition of sensations. 

When we begin to fix by means of words the abstract ideas thus 
formed, there is danger of error. Words should not be treated as 
adequate pictures of things; they are mere arbitrary signs for certain 
ideas — signs chosen by historical accident, and liable to change. Here 
Locke’s criticism of the understanding passes into a criticism of 
language — a new idea of great value. 

Locke originated modern introspective psychology. Others had 
looked inward, but, one and all, they had dogmatized after only a hasty 
glance. Locke quietly and steadily watched the operations of his own 
mind, just as he watched the symptoms of his patients. He came to 
the conclusion that knowledgjp is the discernment of agreement or 
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disagreement, either of our thoughts among themselves or between 
our thoughts and the external phenomena independent of them. 
A man is sure that he himself exists, and as he had a beginning there 
must, to account for it, be a First Cause, which is God the Supreme 
Reason. But relations between our thoughts and external things can 
only be established by induction from particular instances. Thus 
knowledge of nature can only be an affair of probability, liable to be 
upset by the discovery of new facts. 

Thomas Aquinas deduced a synthesis of knowledge from mediaeval 
theology and the philosophy of Aristotle. Locke, with characteristic 
British practical sense, and a wide outlook on life and thought acquired 
at a critical period of history, wrote on the “Reasonableness of 
Christianity”, and essayed to found a rational religion as well as 
a rational science on the sure ground of experience. Both attempted 
a synthesis. But while Aquinas’ scheme had the rigidity and absolute- 
ness of its chief constituents, Locke’s contained the possibility of 
continual adaptation to the varying needs of intellectual development, 
and an insistence on the toleration of various religious opinions, which, 
in an age when every party believed itself to be the sole depository of 
absolute truth, was perhaps Locke’s greatest proof of originality. 

To a certain extent his philosophy supplied a complement to 
Newton’s science, and the two together produced a notable reaction 
in the mind of George Berkeley (1684-1753), sometime Bishop of 
Cloync in Ireland. 

Realizing the danger of a mechanical and materialistic philosophy 
in a science of matter in motion, a danger which lay hid, even from 
Newton himself, Berkeley took the bold course. Accepting the new 
knowledge and its picture of the world as true, he asked in effect, 
“What is the world of which it is true?” and pointed out that the 
only answer is tliat it is the world revealed by the senses, and it is only 
the senses which make it real. Since the so-called primary qualities, 
extension, figure and motion are themselves only ideas existing in the 
Hiind, they, like the secondary qualities, cannot exist in an unper- 
ceiving substance.^ In his Preface to the 1901 edition of Berkeley’s 
Works ^ Campbell Fraser thus puts it: 

The whole material world, as far as it can have any practical concern with the 
knowings and doings of men, is real only by being realized in like manner in the 

percipient experience of some living mind Try to conceive an eternally dead 

universe, empty for ever of God and all finite spirits, and you find you cannot 

This does not mean denial of the existence of the world that is daily presented to 
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From Locke our senses. . .the only material world of which we have experience consists of the 
to Kant appearances which are continually rising as real objects in a passive procession of 
interpretable signs, through which each finite person realizes his own individual 
personality; also the existence of other finite persons; and the sense-symbolism that 
is more or less interpreted in the natural sciences, all significant of God. . .God 
must exist because the material world to be a real world, needs to be continually 
realized and regulated by living Providence. 

All this to the plain man seems to be a denial of the existence of 
matter. It has led to endless criticism, both well-informed and ill, 
from the days of Samuel Johnson, who thought he had refuted Berkeley 
by kicking a stone, to those of a recent writer of Limericks. But it 
seems true that the world we know is only made real by the senses; we 
cannot know (though we may make inferences about) the world of 
hypothetical reality which may or may not lie within it. But perhaps 
that is not Berkeley’s interpretation of his philosophy. 

Berkeley does not, as is sometimes said, deny the evidence of the 
senses. On the contrary, he confines himself to the evidence of the 
senses. Locke thought that a belief in the existence of a real world of 
matter behind phenomena is a reasonable inference from our know- 
ledge of its qualities, though we cannot know its ultimate nature. 
Berkeley denied the reality of that unknown world, and held tliat 
reality exists in the world of thought alone. 

An attitude still more sceptical as regards the possibilities of know- 
ledge was taken by David Hume (1711-1776), who, using Berkeley’s 
arguments, denied reality to mind as well as to matter. Berkeley 
banished the occult substratum which the men of science had con- 
ceived to explain the phenomena of matter; Hume banished also the 
occult substratum which the philosophers had invented to explain the 
phenomena of mind. All that is real is a succession of “impressions 
and ideas”. 

Hume revived the interminable controversy about the meaning of 
causation. To him, our idea that one event is the cause of another is 
due to an association oj the ideas of the two events, produced by a 
long list of instances in which the one has preceded the other. It is 
merely an affair of experience; in nature events are conjoined, but we 
cannot infer that they are connected causally. To those empiricists 
who profess to establish general principles by induction from the facts 
of experience, Hume points out that, in appealing exclusively to sense- 
experience, they have made it impossible to pass beyond custom-bred 
expectation to the inductive inference of universal laws. Thus Hume 
argues that the principle of causality is merely an instinctive belief: 
“Nature has determined us to jijflge, as well as to breathe and to feel”. 
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Hume’s contention that causality is neither self-evident nor capable 
of logical demonstration was fully accepted by Immanuel Kant ( 1 724- 
1804),^ who realized also that the same was true of all other principles 
fundamental to science and philosophy. The inductive proof of 
general laws from the data of experience is only possible upon the prior 
acceptance of rational principles independently established, so that 
we may not look to experience for their proof. Either Hume’s sceptical 
conclusions must be accepted, or we must find some criterion free from 
the defects of the rationalist and empirical methods of proof. “How 
are synthetic a /?non judgments possible?” 

Leibniz, like Hume, had denied the possibility of proving general 
principles empirically, but, accepting the existence of general prin- 
ciples, he had drawn the opposite conclusion — that pure reason 
is greater than sense-perception, is indeed, the revealer of external 
unchanging truth, not only the actual and real constitution of the 
material world, but also the wider realm of all possible entities. The 
real is only one of the many possibilities in the universe of truth. 

To Hume, “thought is merely a practical instrument for the con- 
venient interpretation of our human experience; it has no objective 
or metaphysical validity of any kind To Leibniz, “ thought legislates 
universally ; it reveals the wider universe of the eternally possible ; and, 
prior to all experience, can determine the fundamental conditions to 

which that experience must conform There is no problem, scientific, 

moral or religious which is not virtually affected by the decision as to 
which of these alternatives we are to adopt, or what reconciliation of 
their conflicting claims we hope to achieve Our modern belief in 
biological evolution favours the first view : thought may be a mere in- 
strument developed bynatural selection for self-preservation. But recent 
mathematics favour the second : thought has transcended Euclidean 
space, defining new kinds of space such as no experience reveals. 

Kant’s task was to discuss these opposing views, and save as much 
of Leibniz’s pure reason as Hume had left undamaged. He starts from 
the ground common to both — that universality and necessity cannot 
be reached by any empirical method. He takes the validity of a priori 
thought from Leibniz, but he accepts from Hume the belief that the 
rational elements in it are of a synthetic nature. The principles which 
lie at the base of knowledge have therefore no intrinsic necessity or 
absolute authority. They are prescribed to human reason, and are 
verifiable in fact; they are conditions of sense-experience, of our 

‘ N. Kemp Smith, A Commentary to Kant's Critique of Pure Reason" ^ London, 1918. 

* N. Kemp Smith, loc. cit. p. xxxii. 
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knowledge of appearance; but not applicable to the discovery of 
ultimate reality; they are valid within the realm of experience, but 
useless for the construction of a metaphysical theory of things in 
themselves. Kant’s rationalism accepts the a priori which cannot be 
shown to be more than relative to human experience. 

To Kant, the limits of scientific investigation are laid down by the 
Newtonian methods of mathematical physics; thus alone, he holds, 
can scientific knowledge be obtained. And such knowledge, he points 
out, is of appearance and not of reality. Kant’s restriction of scientific 
knowledge to that won by the methods of mathematical physics is too 
narrow and would exclude much modern biology. But his distinction 
between appearance and reality is still of philosophic value. The 
world of science is the world revealed by the senses, the world of 
phenomena, of appearance; it is not necessarily the world of ultimate 
reality. 

To Newton, space and time are, by the Will of God, existent in and 
by themselves, independent alike of the mind which apprehends them 
and of the objects with which they are occupied. To Leibniz, on the 
other hand, space and time are empirical concepts, abstracted from 
our confused sense-perceptions of the relations of real things. Kant 
points out that, while we cannot tell whether time (or space) is meta- 
physically real, the consciousness of time, in our apprehension of change, 
is certainly real, and a similar distinction seems to hold for extension 
or space. Thus he hovers between Newton and Leibniz. He will not 
finally classify space and time either with the data of the bodily senses 
or with the concepts of the understanding. They combine predicates 
seemingly contradictory, and have led to unresolved “antinomies of 
reason” from the days of Zeno onwards. The world of physics is a 
manifold of events ; the mind distributes them in space and time, but in 
doing so produces relations between phenomena which prove ultimately 
to be self-contradictory. We cannot say whether the mechanical picture 
of events, certainly true in detail, has an ultimate teleological explana- 
tion and meaning — some part in working towards an end. We can 
frame such deep questions, but must be content to leave them unsolved. 
Now some people hold that, of all the older philosophies, Kant’s 
metaphysic best represents the position to which physical and bio- 
logical science point in recent years. Relativity and the quantum 
theory; biophysics, biochemistry and the idea of purposeful adapta- 
tion; all the latest developments of science, these people say, have 
brought scientific philosophy back to Kant.^ On the other hand, it is 

* See J. B. S. Haldane, ^ssible Worlds, London, 1927, p. 124. 
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fair to give the opposite opinion of the Earl Russell, who says: “Kant 
deluged the philosophic world with muddle and mystery, from which 
it is only now beginning to emerge. Kant has the reputation of being 
the greatest of modern philosophers, but to my mind he was a mere 
misfortune. This is another instance of the want of a consensus of 
opinion which still appears in metaphysical questions. 

The concordance which some people see between Kant’s philo- 
sophy and the indications of modern science may be due, partly at any 
rate, to the fact that Kant himself was a competent physicist. He 
anticipated Laplace in formulating a nebular hypothesis to explain 
the origin of the solar system. He was the first to point out that tidal 
friction must have a slow retarding effect on the Earth’s rotation, and 
that by its reaction it has forced the Moon to present always the same 
face to the Earth. He showed that the different linear velocities of 
successive zones on the Earth as it rotates explain the “trade” winds, 
and other similar steady currents of air. He wrote also on the Causes 
of Earthquakes, on the Different Races of Men, on Volcanoes in the 
Moon, and on Physical Geography. Thus it is obvious that Kant had 
a wide knowledge of the science of his time. He had also the scientific 
restraint which accepts a suspension of judgment when a decision 
between alternative possibilities (or impossibilities) cannot logically 
be made. This attitude is evident also in his treatment of the problem 
of reality. 

Locke and Hume regarded metaphysical reality as beyond investi- 
gation by human reason. To Hume especially, ultimate problems 
seemed insoluble by what he regarded as the only method of acquiring 
knowledge. He considered it dangerous to defend Christianity by 
logical arguments, saying (possibly ironically) that “our holy religion 
is founded on faith not on reason ” . Here we have a modern equivalent 
of the late mediaeval revolt against the rational synthesis of Scholasti- 
cism. Speculative philosophy was still moving in a periodic orbit, 
while science had started on its steady advance. 

Descartes and his successors assume in their dualism that conscious- 
ness is ultimate and cannot be analysed. Kant tries to go further and 
to dissect consciousness into factors. It involves active judgment, an 
awareness of meaning; it does not reveal itself, but only its objects. 
So far as our mental states are known at all, they are known objectively, 
as we know outside bodies. Thus our subjective states, sensations, 
feelings, desires, are objective in the sense that they are objects 
of consciousness; they are part of the order of nature which our 

‘ An Outline of Philosophy, London, 1937, p. 83. 
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consciousness reveals. Hence the moral sense is as real as the starry 
heaven, indeed more real, because it is explicable only on the assump- 
tion that it is part of the autonomous activity of a Being which is real 
and not apparent only. The moral law is the one form in which reality 
discloses itself to the human mind. Reason prescribes as the end of 
our actions, as the summum bonum, happiness in accordance with moral 
worth. To our limited minds this seems possible only in a future life, 
and under the rule of an omnipotent Deity, but Kant holds that we 
must not conclude that this necessity represents the actual fact merely 
because it seems to us the only explanation. 

Newton and his immediate disciples used the new dynamical science 
to demonstrate the wisdom and goodness of an all-powerful Creator. 
In Locke’s philosophy this tendency was less vigorous, and it was ruled 
out altogether in Hume’s separation of reason and faith. 

In the second half of the eighteenth century the change of outlook 
became more general. The ablest men in all departments of life, in 
France at any rate, were for the most part sceptical in matters of 
religion. Voltaire’s attacks on the clergy and their teaching were but 
the most witty examples of a widespread tendency of thought. Locke 
and the English Deists had their continental counterparts, Voltaire 
and others, who undermined orthodoxy, in much the same way as the 
existence of the Whig Monarchy in England tended to loosen the 
authority of legitimism in other countries. 

Towards this general wave of heretical thought the mechanical 
philosophy brought perhaps the most important contribution. The 
astonishing success of the Newtonian theory in explaining the 
mechanism of the heavens led to an overestimate of the power of 
mechanical conceptions to give an ultimate account of the whole 
Universe. As Mach says,^ “The French Encyclopaedists of the 
eighteenth century imagined they were not far from a final explana- 
tion of the world by physical and mechanical principles ; Laplace even 
conceived a mind compet«nt to Ibretell the progress of nature for all 
eternity, if but the masses and their velocities were given.” Few 
would venture to make such a sweeping statement nowadays, and 
definite indications have quite recently appeared to suggest that such 
determinism is unlikely. But, when first formulated, it was a natural 
exaggeration of the power of the new knowledge which had impressed 
the minds of men with its range and scope, before they realized its 
necessary limits. In fact we have a repetition in changed circum- 

* E. Mach, Die Mecfmik in ihrer Entwickelung, 1883, Eng. trans. T. J. McCormack, 
London, 1902, p. 463. ^ 
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stances of the story of the Greek Atomists, who extended their 
successful speculative views of physics to the world of life and thought, 
unconscious of the logical chasms which lay between, chasms not 
bridged, but only revealed and partially explored, by the work of two 
thousand years. 

Newton thought that his music of the spheres sang of an all-wise 
and all-powerful God, and, in his modesty, likened himself to a child 
finding pretty pebbles on the shore while the ocean of truth lay un- 
known before him. But others were less cautious. In England, during 
the middle seventeenth century, religious differences were acute, but 
in the eighteenth the Church was comprehensive and, for the most 
part, liberal-minded ; moreover, each man was free to invent a new 
religion to suit himself, and a considerable number availed them- 
selves of their freedom. Thus the mechanical outlook never became 
so prevalent as in the more logical France, where Roman absolutism 
was the only effective religion. Newton’s countrymen in general 
retained not only Newton’s science, but Newton’s philosophy and 
their own religious faith. This English tendency to hold simultaneously 
beliefs which, in the knowledge of the time, seem incompatible, is 
a constant surprise to continental minds. It probably arises from an 
instinctive apprehension among a political people that there is usually 
much to be said for both sides of a question, and that further know- 
ledge may reconcile the seeming incompatibles. In abler minds it 
discloses a truly scientific power of following two lines of useful 
thought, while suspending judgment on their deeper implications and 
correlations for the examination of which there is not yet evidence 
available. 

On the other hand, Newton’s French disciples taught that the 
Newtonian system indicated reality as a great machine, in all essentials 
already known, so that man, body and soul, became part of an 
.invincible and mechanical necessity. Voltaire, for instance, in his 
Ignorant Philosopher, remarks that, “it would be very singular that all 
nature, all the planets, should obey eternal laws, and that there should 
be a little animal, five feet high, who, in contempt of these laws, could 
act as he pleased, solely according to his caprice”. Voltaire ignores 
the problems of the meaning of natural laws, of the significance of life, 
of the nature of the human mind, of the essence of free-will. Never- 
theless, he expresses vividly the current French assumptions as to the 
philosophic and religious import of the Newtonian cosmogony. 

While the philosophers were interpreting Newton’s system of 
dynamics as giving information about appearance only, and not about 
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ultimate reality, and the Deists were using it to attack Roman ortho- 
doxy, a more popular current of thought was setting strongly in the 
direction of materialism, a word first used in the eighteenth century. 
Whether or no the hard impenetrable atoms were formed in the 
beginning by God, as Newton held, they had very little to do with 
Him when they got into the heads of some of Newton’s continental 
interpreters, and were used to revive the philosophy of the ancient 
Atomists. 

The name materialism is often employed in a loose sense as synony- 
mous with atheism, or indeed as a term of abuse for any philosophy 
which does not square with the prevailing orthodoxy. But to us it has 
its stricter meaning — a belief that dead matter, in hard unyielding 
lumps, the solid impenetrable Newtonian particles or their modern 
complex equivalents, is the sole ultimate reality of the Universe; that 
thought and consciousness are but by-products of matter; and that 
there is nothing real underlying it or existing beyond it. 

The ancient Atomists attributed sensation not to the substance of 
the atoms but to their arrangement and movement. This view was 
accepted on the revival of materialism by de la Mettrie (1748) and 
Maupcrtuis (1751), but Robinet (1761) assigned sensation to matter 
itself^ 

The allied ideas of mechanical determinism were also emphasized 
by the French materialists, especially by de la Mettrie in his work 
V Homme Machine. By attacking Christian morality as well as theism, 
de la Mettrie incurred widespread reprobation, and for long his name 
was used as a warning example of the dire effects of unorthodox beliefs. 
Another famous book, La Systeme de la Nature, seems to have been 
written chiefly by Holbach, who, in opposition to the dualism of 
Descartes, argued that since man, a material being, thinks, therefore 
matter is capable of thought. This is the antithesis of the doctrine 
of Leibniz, who, in his monads, spiritualized matter instead of 
materializing the soul. 

Materialism takes the phenomenal world as real, naively and dog- 
matically. Its attempt to explain consciousness, like” those made by 
other philosophies, is an obvious failure, for how can the motion of 
senseless particles produce consciousness, or, in the alternative, what 
is the endowment of matter itself with sensation but an assumption 
of the very thing to be explained, a restatement of the problem at 
issue? Materialism cannot even refute Berkeley’s idealism, at the 

* F. A. Lange, Geschichte des Materialismus^ Eng. trans. E. C. Thomas, vol. n, 3rd cd. 
London, 1925, p. 29. ^ 
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opposite pole of thought. It cannot survive the destructive analysis 
of any critical philosophy. Yet, since it can be “understanded of the 
people”, while philosophic criticism cannot, it supplied for a time the 
best uninstructed alternative to uninstructed orthodoxy. Moreover, 
it is the simplest and least mentally fatiguing way of making that 
intelligible picture of the world which science needs for its advance, 
or, at all events, needed during the eighteenth and nineteenth centuries. 
For rough, everyday use, it has its advantages, indeed it is necessary 
for each detail of science, but there is always the danger that it should 
be taken as the necessary philosophy of science as a whole, and, as 
a philosophy, gain the prestige which the success of detailed science 
inevitably gives. This happened for a while in the nineteenth century. 

But, as soon as we think a little deeper, we see that matter, like all 
the other concepts of science, is only known to us through its effects 
on the senses — we arc brought again to the problem of knowledge. 
The world of science is the world of appearance, revealed and con- 
ditioned by our senses and our minds; it is not necessarily the world 
of reality. In a later chapter we shall see how the hard, massy, 
ultimate particles of Lucretius and Newton have been resolved into 
complex systems of protons, electrons, and other particles, non- 
material, perhaps only to be represented by wave-equations. We shall 
see too how, in the light of relativity, matter has ceased to be some- 
thing which persists in time and moves in space, and has become 
a mere system of interrelated events. In the eighteenth century such 
possibilities were still hidden in the future; but Locke and Berkeley 
and Hume had already shown that nature, as apprehended through 
the senses does not necessarily reveal reality. Even with the know- 
ledge then available, materialism, in ultimate analysis, should have 
failed to satisfy. 
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If the nineteenth century has a just claim to be regarded as the 
beginning of the scientific age, the reason is to be sought not merely, 
or even chiefly, in the rapid growth of our knowledge of nature for 
which that century was remarkable. The study of nature is as old as 
mankind : in the primitive arts of life we have the application of 
fragmentary knowledge of the properties of matter, and in early 
myth and fable we have theories of the origin of the world and of man, 
founded on the evidence then available. But, during the last hundred 
or hundred and fifty years, the whole conception of the natural Uni- 
verse has been changed by the recognition that man, subject to the 
same physical laws and processes as the world around him, cannot be 
considered separately from the world, and that scientific methods of 
observation, induction, deduction and experiment are applicable, not 
only to the original subject-matter of pure science, but to nearly all 
the many and varied fields of human thought and activity. 

In the great inventions of former ages we see the needs of practical 
life stimulating the craftsman to further achievement: the need pre- 
cedes and calls forth the invention, unless the invention be the result 
of accidental discovery. But during the nineteenth century we see 
scientific investigation, undertaken in a search for pure knowledge, 
beginning to precede and to suggest practical applications and inven- 
tions. The invention when produced opens a new field both for 
scientific research and industrial development. For example, Faraday’s 
electromagnetic experiments led to the invention of the dynamo and 
other electromagnetic machines, which, in their turn, have put new 
problems and new powers of solving them into the hands of men of 
science. Maxwell’s mathematical investigation of electromagnetic 
waves led in fifty years to wireless telegraphy and telephony, arts 
which set new problems to the physicists. The discovery by Pasteur, 
that fermentation, putrefaction^ and many diseases are due to the 
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action of microscopic living organisms, has produced immensely 
important results in industry, medicine and surgery. Mendel’s experi- 
ments in the cloister of Briinn on the heredity of peas have already 
led to systematized plant-breeding, to improved types of wheat and 
other grain, and to a knowledge of the principles governing the 
inheritance of some of the specific qualities of plants and animals, a 
knowledge which in the future may have incalculable effects on the 
welfare of the human race. When, from toiling obscurely in the rear of 
empirical arts, science passed on and held up the torch in front, the 
scientific age may be said to have begun. 

Many of the lines of thought characteristic of the nineteenth century 
had already come into being when the century opened, and it is 
impossible to make a sharp chronological division. Moreover, in the 
applications of technical science, the great industrial revolution which 
is still in progress had already begun. One of its chief instruments, 
the steam engine, had reached a serviceable form when James Watt 
patented the principle of the condenser in 1769. This was a practical 
invention, to which, at a later stage, scientific principles were applied 
to carry out developments and improvements. But the electric tele- 
graph, the other great agent in revolutionizing the social conditions 
of the world, was a consequence of research in pure science, a research 
the origins of which can be traced back to Galvani’s work in 1786. 
In return, the mirror galvanometer, invented to facilitate submarine 
telegraphy, proved of the utmost benefit to pure science. 

To some men the practical applications of science stand for its main 
achievement. But the effect of such activities on human thought^ 
though great, is indirect, slow and cumulative. The gradual and 
apparently inevitable extension of man’s power over the material 
resources of nature gives applied science, by means of which the 
advance is chiefly secured, an importance in the eyes of uninstructed 
people far beyond that with which they endow pure knowledge. 
Indeed, to them, as one triumph after another is won, the effect to all 
appearance is that of an invincible if slow advance. It seems that no 
limits can be assigned to the extension of man’s mastery over nature; 
and it is assumed, without warrant, that the mechanical principles by 
the application of which that expansion is made are competent to 
account for the whole Universe. 

The broad tendency of the period now to be brought under review 
is the gradual extension of the experimental and mathematical methods 
of dynamics to the other subjects of physics, and, as far as applicable, 
to chemistry and biology also. The study of science was, for a time at 
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any rate, divorced from the pursuit of philosophy. Throughout the 
nineteenth century, most men of science, consciously or unconsciously, 
held the common-sense view that matter, its primary properties and 
their relations, as revealed by science, are ultimate realities, and that 
human bodies are mechanisms, though perhaps occasionally con- 
trolled or influenced by minds. When they thought about ultimate 
scientific concepts, many physicists realized that these opinions, con- 
venient as working assumptions, would not stand critical examination ; 
but, in the laboratory as in practical life, there was no time for 
philosophic doubt. 

On the foundations laid down by Newton and Lavoisier, physics 
and chemistry raised an ever-growing and concordant structure. In 
the light of this success, it came to be assumed that the general lines 
had been drawn once for all, that no strikingly new discoveries were 
likely, that the only work which remained to be done was to carry 
scientific measurement to greater accuracy, and to fill a few obvious 
gaps in knowledge. This, indeed, was the belief till the very eve of the 
revolutionary developments at the end of the nineteenth century. 

During the nineteenth century many new departments of mathe- 
matics came into being. Among them must be mentioned the theory 
of numbers, theories of forms and groups, the development of trigo- 
nometry into theories of functions of multiple periodicity, and the 
general theory of functions. Synthetic and analytic methods created 
a new geometry, while the application of many of these methods to 
physical problems was perhaps the greatest among those stimuli which 
led later to the tremendous advances in physical science. 

The details of the history of mathematics are outside the scope of 
this book, which is concerned only with the main outlines of those 
branches which are of special importance in the more fundamental 
parts of physics. 

In his Thiorie analytique de la chaleur, published in 1822, Fourier, 
dealing with the theory of conduction, showed that any function of 
a variable, whether continuous or discontinuous, can be expanded in 
a series of sines of multiples of the variable ; a resuh since used in 
analysis by methods in which Poisson led the way. Gauss developed 
the work of Lagrange and Laplace, and applied his results to electricity. 
He also established the theory of errors of measurement. 

The great advance made in dynamics by Lagrange when he formu- 
lated his differential equations of motion was carried further by Sir 
William Rowan Hamilton (1805-1865). Hamilton expressed the 
kinetic energy in terms of the moigenta and the co-ordinates of a system. 
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and discovered how to transform the Lagrangian equations into a set 
of differential equations of the first order for the determination of the 
motion.' Hamilton also invented quaternions. 

The assumptions which underlie Euclidean geometry were dis- 
cussed by Sacchcri in 1733, by Lobatchewski in 1826 and 1840, by 
Gauss in 1831 and 1846, and by Bolyai in 1832. General attention 
was directed to non-Euclidean geometry by Riemann in 1854, and 
further work was done by Cayley, Beltrami, Helmholtz, Klein and 
Whitehead. These writers showed that it is possible to discuss mathe- 
matically the properties of non-Euclidean space, irrespective of the 
answer to the question whether such space is known to the senses. 
Their researches became of physical importance when Einstein 
formulated the modern theory of relativity. 

The concept of intensity of heat is derived from our sense-percep- 
tions and the thermometer enables us to measure it. Amontons had 
improved the early instruments by using mercury, and Fahrenheit, 
Reaumur and Celsius had formulated scales. The transfer of heat and 
the distinction between radiation, convection and conduction, and 
also the concept of heat as a quantity, remained to be dealt with later. 
Although the most acute of the natural philosophers, Newton, Boyle 
and Cavendish, inclined to the opinion that heat was a vibratory 
agitation of the particles of bodies, their opinion could not be developed 
in the absence of definite conceptions corresponding to our notions of 
energy. The advances which were waiting to be made needed the 
idea of heat as a measurable quantity, unchanged in amount as it 
passed by contact from one body to another. To undertake experi- 
ment, using this conception as a guide, men wanted a definite and 
suitable representation of the nature of heat. This was at hand in the 
theory that heat was a subtle, invisible, weightless fluid, passing 
between the particles of bodies with perfect freedom. 


‘ If/>, , />2 , . . . be the momenta, and 7, , ^2 , ... be the co-ordinates, the Lagrangian equations 
become A = - BHjdqi , . . . and = - dHjdpi , . . where H is the total ener^. 

The potential 0 in a field of force is defined so that the resultant force in any direction 
is measured by the rate of decrease of potential in that direction, 
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Joseph Black (1728-1799) cleared up the confusion between heat 
and temperature, calling them quantity and intensity of heat. Led by 
the facts of distilleries, he investigated the change of state from ice to 
water, and from water to steam, and found that large quantities of 
heat were absorbed with no change in temperature — were, as he said, 
rendered latent. He supposed that the thermal fluid or caloric united 
with ice to form water as a quasi-chemical compound, and again with 
water to form steam. His measurements indicated that, to melt a 
given mass of ice, it needed as much heat as would raise the temperature 
of an equal mass of water through 140° Fahrenheit, the true figure 
being 143°. He underestimated the latent heat of evaporation, finding 
810° F. instead of 967°. But accuracy in this determination is difficult. 
Black also originated the theory of specific heat to explain the different 
amounts of heat needed to produce the same change of temperature 
in different substances, leaving the detailed measurements to his pupil 
Irvine to work out. He thus established the method of calorimetry, 
or the measurement of a quantity of heat. The caloric or fluid theory 
of heat sufficed to guide the course of the science till Helmholtz and 
Joule, between 1840 and 1850, demonstrated the equivalence between 
heat and work, and established the idea of heat as a mode of motion. 

A similar fluid theory, or rather two rival fluid theories, served to 
guide those who were investigating the phenomena of electricity. The 
attractions and repulsions between bodies electrified by friction may 
be described on the supposition that there is a substance, electricity, 
which, like heat, is a quantity subject to the laws of addition and sub- 
traction. In an early stage of its history, however, the existence of two 
distinct and opposite varieties of electricity were clearly recognized. 
An electric charge developed by rubbing glass with silk will neutralize 
a charge produced by rubbing ebonite with fur. These results were 
explained by the supposition of two fluids with opposite properties, 
or of one fluid, of which an excess or defect from the normal quantity 
gives rise to the electrified state. The terms of speech appropriate to 
the one-fluid theory, with, its positive and negative electricities, are 
still with us, though, as we shall see later, electricity is now known to 
be not a continuous fluid but corpuscular. Experiments were facili- 
tated when larger quantities of electricity were produced by electrical 
machines, and stored in condensers, such as the Leyden jar — a glass 
bottle coated inside and outside with tinfoil. The difference between 
conductors and insulators was made clear by Stephen Gray (1729), 
du Fay (1733) and Priestley (1767), the names being invented by 
Desaguliers (1740). ^ 
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As spoil as the spark and noise of an electric discharge were noticed, Imponderable 
their resemblance to lightning and thunder was recognized, and the 
identity on nature of the two phenomena suspected. The problem of 
the establishment of this identity, the bringing of the thunderbolts of 
Jove into conformity with the laws of physics, seems to have possessed 
a fascination for the mind of Benjamin Franklin (1706-1790), and 
many of his later letters are filled with the description of experiments 
repeating on a small scale, with the charges of Leyden jars, the effects 
of lightning in fusing metals, rending materials, etc. 

The action of sharp points in discharging electrified bodies suggested 
the idea of the lightning conductor to d’Alibard and others in France. 

In order “to determine the question whether the clouds that contain 
lightning are electrified or not” an iron rod forty feet high was erected 
at Marli in 1752, When thunder clouds passed, sparks were drawn 
from the lower end of the rod. This experiment was repeated in other 
countries, with complete success — a success too complete, indeed, in 
the case of Professor Riehmann of St Petersburg, who was killed by 
a shock from an iron rod erected on his house. Meanwhile Franklin 
himself had safely carried out a similar experiment by means of a kite. 

'Fo the top of the upright stick of the kite is to be fixed a very sharp pointed wire, 
rising a foot or more above the wood. To tlie end of the twine, next the hand, is 
to be tied a silk ribbon, and where the silk and twine join a key may be fastened. 

Ihis kite is to be raised when a thunder-gust appears to be coming on, and the 
person who holds the string must stand within a door or window, or under some 
cover, so that the silk ribbon may not be wet; and care must be taken that the 
twine does not touch the frame of the door or window. As soon as any of the thunder- 
clouds come over the kite the pointed wire will draw the electric fire from them, 
and the kite, with all the twine, will be electrified, and the loose filaments of the 
twine will stand out every way and be attracted by an approaching finger. And 
when the rain has wet the kite and twine, so that it can conduct the electric fire 
freely, you will find it stream out plentifully from the key on the approach of your 
knuckle. At this key the phial may be charged; and from electric fire thus obtained 
spirits may be kindled, and all the other electric experiments be performed, w^hich 
are usually done by the help of a rubbed globe or tube, and thereby the sameness 
of the electric matter with that of lightning completely demonstrated. 

During the eighteenth century, many experiments were made on 
the electrification produced by heating certain minerals and crystals, 
such as tourmaline; and attention was drawn once more to the be- 
numbing power of shocks given by torpedo and other electric fish. 

Their electrical organs were examined, and the shocks they inflict 
were ascribed definitely to' electrical manifestations. 

Investigations were made at the end of the eighteenth century on 
electric and magnetic forces. The torsion balance, a light horizontal 
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Imponderable bar hung at its middle by a long fine wire inside a glass case, was 
Fluids invented about 1750 by Michell, and again in 1784 by Coulomb, 
a French military engineer. He placed an electrified ball at the end 
of the bar, and deflected it by another ball brought near. He also 
replaced the bar by a steel magnet, and deflected one of its poles by 
that of another magnet. In this way he found that both the electric 
and magnetic forces diminished as the square of the distance increased, 
thus proving for these forces the same relation as Newton had demon- 
strated for gravitation. Moreover, the electric force was found to be 
proportional to the amount of electric charge, and could therefore bej 
used to measure it. The same law of electric force had been discovered* 
in another way by Priestley and again by Cavendish.^ They proved^ 
experimentally that there is no electric force inside a closed charged \ 
conductor of any form, and therefore none inside a sphere. Newton ' 
had shown mathematically that, if the invjsrse square law holds good, 
a uniform shell of gravitating matter exerts no force on a body inside 
it, and no other law offeree will give this result; a similar investigation 
applies to electric forces. 

The law of force being established, mathematicians took over the 
subject of electrostatics, and deduced an elaborate system of relations 
which proved concordant with observation wherever it was possible 
to make a comparison. The distribution of electric charge on the 
surface of conductors, the electric forces and potentials in their neigh- 
bourhood, the electrostatic capacity of different arrangements of con- 
ductors and insulators, proved amenable to mathematical treatment 
in the skilful hands of Gauss, Poisson, Green and others. 

The theory of a weightless, incompressible electric fluid is consistent 
with the idea of electricity as a definite quantity, and, though not 
necessary for these researches, did, as a matter of fact, give a con- 
venient picture by which the phenomena could be represented and 
examined. 

Of more historical importance was the attention directed to the 
electric force. Like gravitation, it appeared to act at a distance across 
intervening space. For mathematicians no further "explanation was 
needed ; but physicists soon began to speculate about the nature of 
this space, which somehow could transmit two, apparently distinct, 
forces. This led, as we shall see, to modern theories of what are now 
called “field physics”. 

Units The multiplicity of weights and measures, which afflicted, and 

* Sir P. Hartog, “ The Newer Views of Priestley and Lavoisier ”, Annals of Science, August 
1941, quoting work by A. N. Meldrum ^d others. 



NINETEENTH-CENTURY PHYSICS 20 *] 

indeed still afflicts, the world, was first replaced by a logical and con- 
venient decimal system by the French. A Report was presented to the 
National Assembly in 1 791 ; the necessary measurements were finished 
and adopted in 1799; the system was made permissive in 1812, and 
compulsory in 1820. 

The fundamental unit of length, the metre, was meant to be one 
ten millionth part of a quadrant of the Earth through Paris. Once 
adopted, however, the practical unit is the distance at 0° Centigrade 
between two marks on a certain metallic bar, and this has not been 
altered though an increased accuracy of geodetic measurement has 
shown that the length is not the exact fraction of an earth quadrant 
that it was meant to be. The unit of volume, the litre, should be a cube 
with a side of one decimetre (one-tenth of a metre) in length, but, as 
this is difficult to measure, the litre was defined in 1901 as the volume 
of one kilogramme of pure water at the pressure of one atmosphere 
and 4° C., its temperature of maximum density. 

The unit of mass, the kilogramme, was meant to be the mass of a 
cubic decimetre of water at 4° C., though it is now a mass equal to 
that of a platinum-iridium standard made in 1 799 by Lefebre-Ginneau 
and Fabbroni. The accuracy of their work is shown by Guillaume’s 
latest (1927) value of the litre, viz. 1000*028 cubic centimetres. 

The unit of time, the second, is defined as the 1/86400 part of the 
mean solar day, the time, averaged over the year, between successive 
transits of the centre of the Sun’s disc across the meridian.^ 

In 1822 Fourier, in his Thiorie de Chaleur, pointed out that secondary 
or derived quantities had certain dimensions when expressed in terms 
of fundamental quantities. Thus if we denote length by L, mass by 
M and time by T, the dimensions of a velocity {v), that is the length 
described in a unit of time, are L/ T or L T"* . Acceleration, the velocity 
added in unit time, has dimensions y/T, that is LjT^ or LT~‘^. Force 
(/) is mass x acceleration, or ML T ~^ ; work is The derivation 

by Gauss of electric and magnetic units from these dynamical units 
will be described later. 

About 1870, an international agreement was reached to adopt for 
scientific measurements a system based on the centimetre (the 
hundredth part of a metre), the gramme (the thousandth part of a 
kilogramme) and the second as the three fundamental units. This is 
usually referred to as the g.g.s. system. 

In preceding chapters the atomic philosophy has been traced from 
the days of Democritus onwards. Discredited by Aristotle, it was in 

* For definitions of units, see Report of the National Physical Laboratory for 1^28. 
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abeyance during the Middle Ages, and was only effectively revived 
after the Renaissance. Galileo regarded it favourably; Gassendi re- 
stated it in terms of Epicurus and Lucretius; Boyle and Newton used 
it in their chemical and physical speculations. It then fell into the 
background, though it still permeated scientific thought. 

At the beginning of the nineteenth century, it was put forward 
anew as the explanation of physical properties such as the existence 
of solid, liquid and gaseous states of matter and of the definite 
quantitative facts of chemical combination. 

The overthrow of the theory of phlogiston brought clearly to light 
the three states or phases of matter, solid, liquid and gaseous. A sub- 
stance is usually best known in one of the phases, as water in the form 
of liquid, but it can generally be converted into either of the three, as 
water can be frozen into ice, or evaporated into steam. This advance 
in knowledge was followed by the study of the laws of chemical com- 
bination. Gases, in which the laws can be traced most simply, had 
ceased to be mysterious, half-spiritual entities, and had now been 
brought into relation with other bodies. 

As the result of careful analysis, it had been found, especially by 
Lavoisier, Proust and Richter, against the weighty opinion of Bcrthollet, 
that a chemical compound is always made up of precisely the same 
amount of the constituent parts, to the accuracy then possible, and 
this fixity of composition played an essential part in the scheme of the 
new chemistry. Water, however obtained, always consists of hydrogen 
and oxygen combined in the ratio of one to eight. Thus the concep- 
tion of combining weight was reached, the combining weight of 
oxygen being eight, if that of hydrogen be taken as unity. When two 
elements combine in more than one way to form more than one com- 
pound, the proportion of the constituents in one compound was found 
to be simply related to the proportion in the other : fourteen parts of 
nitrogen combine with eight of oxygen in one compound and with 
sixteen parts, exactly double, in another. Fixity of composition how- 
ever, as we shall see later, is not necessarily exact in our present days 
of isotopes. 

John Dalton (1766-1844), the son of a Westmorland handloom 
weaver, in his scanty leisure as a school teacher, acquired a knowledge 
of mathematical and physical science. He obtained a teaching post 
in Manchester, where he began to experiment on gases. The pro- 
perties of gases, he saw, are best explained by a theory of atoms, ^ and 
at a later date he applied the same ideas to chemistry, pointing out 

^ The Absorption of Gases by Water ^ Mandsester Memoirs, 2nd Series, vol. i, 1803, p. 271. 
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that combination can be represented as the union of discrete particles 
with definite weights characteristic of each element. He says:^ 

There are three distinctions in the kinds of bodies, or three states, which have 
more specially claimed the attention of philosophical chemists ; namely, those which 
are marked by the terms elastic fluids, liquids, and solids. A very famous instance 
is exhibited to us in water, of a body, which, in certain circumstances, is capable 
of assuming all three states. In steam we recognize a perfectly elastic fluid, in water 
a perfect liquid, and in ice a complete solid. These observations have tacitly led to 
the conclusion which seems universally adopted, that all bodies of sensible magni- 
tude, whether liquid or solid, are constitute of a vast number of extremely small 
particles, or atoms of matter bound together by a force of attraction, which is more 
or less powerful according to circumstances .... 

Chemical analysis and synthesis go no farther than to the separation of particles 
one from another, and to their reunion. No new creation or destruction of matter 
is within the reach of chemical agency. We might as well attempt to introduce 
a new planet into the solar system, or to annihilate one already in existence, as to 
create or destroy a particle of hydrogen. All the changes wc can produce consist 
in separating particles that are in a state of cohesion or combination, and joining 
those that were previously at a distance. 

In all chemical investigations, it has justly been considered an important object 
to ascertain the relative weights of the simples which constitute a compound. But 
unfortunately the enquiry has terminated here; whereas from the relative weights 
in the mass, the relative weights of the ultimate particles or atoms of the bodies 
might have been inferred, from which their number and weight in various other 
compounds would appear, in order to assist and to guide future investigations and 
to correct their results. Now it is one great objectof this work, to shew the importance 
and advantage of ascertaining the relative weights of the ultimate particles^ both of simple 
and compound bodies ^ the number of simple elementary particles which constitute one compound 
particle j and the number of less compound particles which enter into the formation of one more 
compound particle. 

If there arc two bodies, A and B, which are disposed to combine, the following 
is the order in which the combinations may take place, beginning with the most 
simple: namely. 


I atom of i 4 -l- 1 atom of 5 = 

1 atom of .4 -I- 2 atoms of 5 = 

2 atoms of + I atom of 5 = 
I atom of -I- 3 atoms of 

3 atoms of + I atom of B = 


atom of C, binary, 
atom of Z), ternary, 
atom of £, ternary, 
atom of F, quaternary, 
atom of G, quaternary. 


The following general rules may be adopted as guides in all our investigations 
respecting chemical synthesis. 

I St. When only one combination of two bodies can be obtained, it must be 
presumed to be a binary one, unless some cause appear to the contrary. 

2d. When two combinations are observed, they must be presumed to be a binary 
and a ternary. 

3d. When three combinations are obtained, wc may expect one to be a binary, 
and the other two ternary. . .etc. 


‘ John Dalton, New Systems of Chemical Philosophy^ Manchester, 1 808 and 1 8 1 o. Reprinted 
in the Cambridge Readings in Science, p. 93. 
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The Atomic From the application of these rules, to the chemical facts already well ascertained, 

Theory we deduce the following conclusions; ist. That water is a binary compound of 
hydrogen and oxygen, and the relative weights of ihe two elementary atoms are 
as 1:7, nearly; 2d. That ammonia is a binary compound of hydrogen and azote, 
and the relative weights of the two atoms are as 1:5, nearly; 3d. That nitrous gas 
is a binary compound of azote and oxygen, the atoms of which weigh 5 and 7 
respectively ; . . . 4th. That carbonic oxide is a binary compound, consisting of one 
atom of charcoal, and one of oxygen, together weighing nearly 1 2 ; that carbonic 
acid is a ternary compound, (but sometimes binary) consisting of one atom of 
charcoal, and two of oxygen, weighing 19; etc., etc. In all these cases the weights 
are expressed in atoms of hydrogen, each of which is denoted by unity .... 

Dalton’s account naturally contains the errors inevitable at the 
time: he regards heat as a subtle fluid; his combining weights 
are not accurate, oxygen, for instance, being given as 7 instead 
of 8 when hydrogen is unity. His assumption that, if only one 
compound of two elements is known, it should be taken to be a 
union of atom to atom, is by no means universally true, and led 
to errors in his ideas of the constitution of water and of ammonia. 
Nevertheless, Dalton made one of the great advances in the history 
of science, and converted a vague hypothesis into a definite scientific 
theory.^ 

Dalton represented the elementary atoms symbolically by dots, 
crosses or stars drawn within little circles. This method was improved 
by the Swedish chemist Jons Jakob Berzelius (1779-1848) who intro- 
duced our present system, whereby letter-symbols arc used to denote 
the relative mass of an element corresponding to its atomic weight. 
Thus H denotes not vaguely hydrogen, but a mass of hydrogen equal 
to I — one gram, one pound, or what we please — and O represents 
a mass of oxygen equal to 16 in the same units. 

The chief experimental work of Berzelius was the determination of 
atomic weights, or rather equivalent combining weights, with the 
greatest accuracy then possible. He also discovered several new 
elements, investigated many compounds, and opened a new chapter 
in the study of mineralogy. He shared with Davy the work of estab- 
lishing the fundamental laws of electro-chemistry, and was thereby led 
to see an intimate connection between electric polarity and chemical 
affinity. Indeed, he carried this conception too far for the time, 
holding that all atoms contain either positive or negative electricity, 
by whose relative forces they combine. Every compound was regarded 
as being made up of two parts electrically opposite, and if compounds 
combined with each other, it was imagined to be due to an excess of 

^ A. J. Berry, Modern Chemistry, Cambridge, 1946. 
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opposite electric charges. This dualistic theory was not adequate to 
deal with advancing knowledge, and it gave way to a theory of types 
when organic chemistry became prominent. But it is now certain 
that chemical and electric phenomena are intimately related, though 
not in the simple way imagined by Berzelius. 

The insufficiency of Dalton’s atomic conceptions as they stood 
became apparent when the phenomena of gaseous combination were 
studied more extensively. Gay-Lussac (1778-1850) showed that 
gases always combine in volumes that bear simple ratios to each other, 
and Amerigo Avogadro, Conte di Quaregna (1776-1856), pointed 
out in 1813 that, on Dalton’s theory, it followed from Gay-Lussac’s 
observation that equal volumes of all gases must contain numbers of 
atoms bearing simple ratios to each other. A similar conclusion was 
drawn independently by Ampere in 1814, but it was forgotten or 
ignored till the subject was cleared up by Cannizzaro in 1858. It 
was then seen, both from the facts of gaseous combination and from 
physical considerations, that a distinction is necessary between the 
chemical atom, the smallest part of matter which can enter into com- 
bination, and the physical molecule, the smallest particle which can 
exist in a free state. The simplest method of expression of Avogadro’s 
hypothesis is to suppose that equal volumes of gases contain the same 
number of molecules. We shall see below that this result can also be 
deduced mathematically from a physical theory which supposes that 
the pressure exerted by a gas is due to the impact of molecules in 
a state of perpetual movement and collision. 

But, to return to the case of water, two volumes (and therefore two 
molecules) of hydrogen combine with one of oxygen to form two 
volumes (or molecules) of steam. It will be seen that the simplest 
theory which will explain these relations is one that supposes that 
the physical molecules of hydrogen and oxygen each contain two 
chemical atoms, and that the molecule of water vapour has the 
chemical composition represented by H2O, the combination being 
represented by the equation 

2H2 + 02 = 2H20. 

(2 vols.) (i vol.) (2 vols.) 

Thus, since the combining weight of oxygen is 8 and one atom of 
oxygen combines with two of hydrogen, if the atomic weight of 
hydrogen be taken as unity, that of oxygen is not 8 but 16. Dalton’s 
combining weights, therefore, need to be brought into line with the 
facts revealed by later experiments before we can assign to the elements 
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The Atomic their true atomic weights. This was first done systematically, in the 
Theory evidence, by Cannizzaro. 

The atom of oxygen, combining with two atoms of hydrogen, is said 
to possess a valency of two. This concept of valency underlay much 
of the chemical speculation of the succeeding years. 

The number of known elements has grown from the twenty recog- 
nized by Dalton till now some ninety different kinds of matter have 
been recorded. The work of discovery has proceeded fitfully. When 
any new method of research has been applied to chemical problems, 
a new group of elements has frequently come to light. The separating 
power of the galvanic current enabled Sir Humphry Davy (1778- 
1829) to isolate the alkaline metals potassium and sodium in 1807. 
At a later date spectrum analysis showed the existence of such sub- 
stances as rubidium, caesium, thallium and gallium. The methods of 
radio-activity have disclosed elements like radium and its family, and 
Aston’s mass spectrograph has revealed many isotopic elements. 

A connection between the atomic weights of the elements and their 
physical properties was sought by Prout in 1815, and later by New- 
lands and de Chaucourtois. This connection was successfully demon- 
strated in 1 869 by Lothar Meyer and by the Russian chemistMendcIeeff 
(1834-1907). On arranging the names of the elements in a list in 
order of ascending atomic weights, Mendeleefl' found that they dis- 
played a certain periodicity — that, as Newlands had shown earlier, 
each eighth element had somewhat similar properties, while all the 
elements could be fitted into a complete table in which these similar 
elements could be placed under each other in columns. The Periodic 
Table thus constructed gave a means of assigning correct atomic 
weights to elements of doubtful valency, and blanks in the table were 
filled hypothetically by Mendeleeff, who thus predicted the existence 
and properties of unknown elements, some of which were afterwards 
discovered. 

Mendeleeff regarded his Periodic Law as a purely empirical state- 
ment of fact. But such relations inevitably bring to mind the old idea 
of a common basis of matter. Many men, thinking that this common 
basis might be hydrogen, sought to demonstrate that, if the atomic 
weight of hydrogen be taken as unity, the weights of the other 
elements were all whole numbers. But, though many approached 
whole numbers, several elements, such as chlorine = 35’45, obstinately 
refused to conform to this scheme, nor did increasing accuracy in the 
determination of atomic weights by Stas and others reduce the dis- 
crepancies. The proof of a comfnon basis of matter and the reduction 
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of atomic weights to whole numbers had to wait for another half 
century ; they were beyond the experimental and theoretical resources 
of that time. 

The different forms of apparatus for the production of electricity, 
as hitherto described, are all intended primarily to enable us to give 
a static charge to some insulated body. It is true that, if a conducting 
circuit be formed, joining an electric machine with the earth, a more 
or less continuous flow of electricity must proceed along the circuit. 
Even in the most elaborate form of frictional machine, however, the 
amount of electricity passing in a second is so small that it is difficult 
to delect the current in the conducting wires; though, if an air gap 
be interposed, the high differences of electric potential produced by 
the machine result in visible sparks. 

At the beginning of the nineteenth century a new field of research 
was opened up by the discovery of the galvanic or voltaic cell. This 
arrangement gave rise to a series of phenomena, grouped originally 
under the name of galvanism, which, by the efforts of many observers, 
were gradually brought into relation with those already grouped under 
the name of electricity. It finally became clear that a galvanic current 
is nothing more or less than a flow of electricity, enormous in quantity 
compared with that given by an electric machine, but driven along 
by potential differences which are only a minute fraction of those 
involved in the older type of apparatus. Since no accumulation of 
electricity can be detected at any point in the circuit, it follows 
that the current may be represented figuratively by the flow of an 
incompressible fluid along rigid and incxtensible pipes. 

The discovery of the voltaic cell was due to a chance observation, 
which seemed at first to lead in a different direction. About the year 
1786, an Italian named Galvani noticed that the leg of a frog con- 
tracted under the influence of a discharge from an electric machine. 
Following up this discovery, he observed the same contraction when 
a nerve and a muscle were connected with two dissimilar metals, 
placed in contact with each other. Galvani attributed these effects to 
a so-called animal electricity, and it was left for another Italian, Volta, 
of Pavia, to show that the essential phenomena did not depend on the 
presence of an animal substance. In 1800 Volta invented the pile 
known by his name, which, in the opening years of the following 
century, provided a means of investigation yielding results of intense 
interest in his hands and in those of his contemporaries in other 
countries. The scientific journals of the time^ are full of the marvels 

* See especially NkholsorCs Journal for those years. 
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of the new discoveries, the study of which was taken up with an ardour 
little short of that shown a century later in the elucidation of the 
phenomena of electric discharge through gases and radio-activity. 

Volta’s pile consisted of a series of little discs of zinc, copper, and 
paper moistened with water or brine, placed one on top of the other 
in the order — zinc, copper, paper, zinc, etc — finishing with copper. 
Such a combination is really a primitive primary battery, each little 
pair of discs separated by moistened paper acting as a cell, and giving 
a certain difference of electric potential, the differences due to each 
little cell being added together and producing a considerable difference 
of potential (or electromotive force as it is inaptly called) between the 
zinc and copper terminals of the pile. Another arrangement was the 
crown of cups, consisting of a series of vessels filled with brine or dilute 
acid, each of which contained a plate of zinc and a plate of copper. 
The zinc of one cell was fastened to the copper of the next, and so on, 
an isolated zinc and copper plate, in the first and last cell respectively, 
forming the terminals of the battery. Volta thought that the origin of 
the effects was to be sought at the junctions of the two metals; hence 
the order of the discs in the pile and the terminal metal plates in the 
crown of cups. These plates and the corresponding discs in the pile 
were soon found to be useless, though they figure extensively in early 
pictures of the apparatus. 

If a current be taken from Volta’s pile or crown of cups, that current 
rapidly diminishes in intensity, owing chiefly to a film of hydrogen 
which forms on the surface of the copper plates. This electrolytic 
polarization may be prevented by surrounding the copper plates with 
a solution of copper sulphate, so that copper is liberated instead of 
hydrogen, or by replacing the copper plates with carbon placed in an 
oxidizing mixture, such as nitric acid or a solution of potassium 
bichromate, which converts the hydrogen into water. 

The fundamental observation, from which arose the science of 
electro-chemistry, was made in the year 1800, immediately on the 
news of Volta’s discovery reaching England. Using a copy of Volta’s 
original pile, Nicholson and Carlisle found that when two brass wires 
leading from its terminals were immersed near each other in water, 
there was an evolution of hydrogen gas from one, while the other 
became oxidized. If platinum or gold wires were used, no oxidation 
occurred, but oxygen was evolved as gas. They noticed that’ the 
volume of hydrogen was about double that of oxygen, and, since this 
is the proportion in which these elements are contained in water, they 
explained the phenomenon as a decomposition of water. They also 
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noticed that a similar kind of chemical reaction went on in the pile 
itself, or in the cups when that arrangement was used. 

Soon afterwards Cruickshank decomposed the chlorides of mag- 
nesia, soda and ammonia, and precipitated silver and copper from 
their solutions — a result which afterwards led to the process of electro- 
plating. He also found that the liquid round the pole connected with 
the positive terminal of the pile became alkaline and the liquid round 
the other pole became acid. 

In 1806 Sir Humphry Davy (1778-1829) proved that the formation 
of the acid and alkali was due to impurities in the water. He had 
previously shown that decomposition of water could be effected 
although the two poles were placed in separate vessels connected 
together by vegetable or animal substances, and had established an 
intimate connection between the galvanic effects and the chemical 
changes going on in the battery. 

The identity of ‘‘galvanism” and electricity, which had been main- 
tained by Volta, and had formed the subject of many investigations, 
was established in 1801 by Wollaston, who showed that the same 
effects were produced by both, while in 1802 Erman measured with 
an electroscope the potential differences furnished by a voltaic pile. 
It became clear that the older phenomena gave “ electricity in tension ”, 
and the newer, “electricity in motion”. 

By a convention universally adopted, wc agree to suppose that an 
electric current flows in the direction of the so-called positive electricity, 
that is, from the zinc to the copper (or carbon) plate within the battery, 
and from the copper to the zinc along the wire outside. In accordance 
with this convention, the copper plate is called the positive and the 
zinc plate the negative terminal of the battery. 

In 1804 Hisinger and Berzelius stated that neutral salt solutions 
could be decomposed by electricity, the acid appearing at one pole and 
the metal at the other, and drew the conclusion that nascent hydrogen 
was not, as had been supposed, the cause of the separation of the 
metals from their solutions. Many of the metals then known were 
thus prepared, and in 1807 Davy decomposed potash and soda, which 
had been considered to be elements, by passing the current from a 
powerful battery through them when in a moistened condition, and 
in this way he isolated the surprising metals potassium and sodium. 
Davy was an able, brilliant and eloquent Cornishman, who, ap- 
pointed Lecturer on Chemistry at the newly founded Royal In- 
stitution, drew large and fashionable audiences by the interest of his 
discourses. 
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Chemical The decomposition of chemical compounds by electrical means 
Ejffects indicated a connection between chemical and electrical forces. Davy 
“advanced the hypothesis that chemical and electrical attractions 
were produced by the same cause, acting in the one case on particles, 
in the other on masses”. This idea was developed by Berzelius, who, 
as wc have already seen, regarded every compound as formed by the 
union of two oppositely electrified parts — atoms or groups of atoms. 

The remarkable fact that the products of decomposition appear 
only at the poles was perceived by the early experimenters on the sub- 
ject, who suggested various explanations. Grotthus in 1806 supposed 
that it was due to successive decompositions and recombinations in 
the substance of the liquid, the opposite parts of contiguous molecules 
being exchanged along lines stretching from one pole to the other, the 
opposite atoms at the two ends of the chain being set free. 

After the primary discoveries in electro-chemistry, there was a 
pause till the subject was taken up by the great experimenter Michael 
Faraday (1791-1867) who had been Davy’s assistant in the Laboratory 
of the Royal Institution and succeeded him there. 

A new terminology was introduced by Faraday in 1 833 on Whewell’s 
advice. Instead of the word pole, which implied the old idea of 
attraction and repulsion, he used the word electrode (oSo? = a way, 
path) and called the plate by which the current is usually said to enter 
the liquid, the anode, and that by which it leaves the liquid the cathode. 
The parts of the compound which travel in opposite directions 
through the solution he called ions (?w = I go ) — cations if they go 
towards the cathode, and anions if they go towards the anode. He also 
introduced the word electrolysis (Aua> = I loose, dissolve) to denote the 
whole process. 

By a series of masterly experiments, Faraday reduced the com- 
plexity of the phenomena to two simple statements known as Fara- 
day’s laws. Whatever be the nature of the electrolyte or of the elec- 
trodes, the mass of substance liberated is proportional to the strength 
of the current and to the time it flows, that is to the total amount of 
electricity which has passed through the liquid. Secondly, the mass 
of a substance liberated by a given quantity of electricity is pro- 
portional to the chemical equivalent weight of the substance — not to 
the atomic weight, but to the combining weight, that is, the atomic 
weight divided by the valency, so that, while i gramme of hydrogen is 
liberated, 16 2, or 8 grammes of oxygen appear. The mass of a sub- 
stance liberated by the passage of unit quantity of electricity is known 
as its electro-chemical equivalent. For instance, when a current of 
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I ampere, one-tenth of a g.g.s. unit, flows for i second through an acid Chemical 
solution, I -044 X 1 0"® gramme of hydrogen is liberated, while from the 
solution of a silver salt O'OOiiiS gramme of silver is deposited. This 
latter weight can be measured so easily and accurately that it has been 
adopted for a definition of the ampere as a practical unit of current. 

In every case of electrolysis, J'araday’s laws seem to apply; the 
same definite amount of electricity is associated with the liberation of 
unit equivalent mass of substance. Electrolysis must be regarded as 
the carriage by the moving ions of opposite electric charges in opposite 
directions through the liquid. Each ion carries with it a definite 
charge of electricity, positive or negative, which is given up to the 
electrode by the liberation of the ion if the electromotive force is 
enough to overcome the opposing force of polarization. As von Helm- 
holtz said at a later date, Faraday’s work shows that “if we accept 
the hypothesis that the elementary substances are composed of atoms, 
we cannot avoid concluding that electricity also is divided into definite 
elementary portions which behave like atoms of electricity”. Thus, 
not only do Faraday’s experiments underlie the later development in 
theoretical and applied electro-chemistry, but are the basis of modern 
atomic and electronic science. 

While the early experimenters chiefly directed their attention to the Oihr 
chemical effects of galvanic currents, other phenomena were not over- Properties of 
looked. It was soon found that, when passing through a conductor of 
any kind, the current evolved heat, the amount of which depended 
on the nature of the conductor. This thermal effect is now of great 
practical use in electric lighting, heating, etc. On the other hand, in 
1822, Seebeck found that, if one junction of two unlike metals be 
heated, an electric current flows. Of even wider interest is the power 
a current has of deflecting a magnetic needle, discovered in 1820 by 
Oersted of Copenhagen, who found that the effect “passes to the 
needle through glass, metals” and other non-magnetic substances. 

He also recognized that what he, or his translator, called “the electric 
conflict” “performs circles”, or, as we should say, that there are 
circular lines of magnetic force round a long straight current. 

The importance of Oersted’s observations was recognized at once, 
especially by Andre Marie Ampere {1775-1836), who showed that 
not only were magnets acted on by forces in the neighbourhood of 
currents, but that currents exerted forces on each other. By experi- 
ments with movable coils, he investigated the laws of these forces, 
and showed mathematically that all the observed phenomena were 
consistent with the supposition that each short element of current of 
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length dl produced at a point outside it a magnetic force cdl sin 
where c is the strength of the current, r the distance from the element 
to the point, and 6 the angle between r and the direction of the 
current. The forces due to electric currents, thus reduced to a law of 
inverse squares, were thereby brought into line with gravitation and 
with the forces between magnetic poles and between electric charges. 
This was another step towards “field physics'’. 

The current elements, of course, cannot be obtained experimentally 
in isolation, but nevertheless Ampere’s formula enables us, by summing 
up the effects of all the elements, to calculate the magnetic fields in 
the neighbourhood of electric currents.^ 

From Ampere’s formula we can also deduce the mechanical forces 
on currents placed in magnetic fields. The magnetic force in air due 
to a pole of strength m is m/r^; thus m is equivalent to cdl sin B. The 
mechanical force on m in a field H is //m, and therefore the force 
in air on Ampere’s current-element is Hcdl sin 6 . To calculate the 
mechanical force on an actual circuit from this formula is then only 
a question of mathematics. 

Telegraphy began with visual signalling. The many “Telegraph 
Hills ” about the country mark the sites of long dismantled semaphores 
which were to wave quickly to London the news of Napoleon’s 
landing. Each fresh discovery in electricity led to suggestions for 
electric telegraphs, but nothing came of them till Ampere applied his 
electromagnetic results. After his work, the invention and adoption 
of a practical instrument was a mere exercise in mechanical ingenuity 
and financial confidence. 

Much was done about 1827 by Georg Simon Ohm (1781-1854) to 
pick out from the phenomena quantities suitable for exact definition. 
He replaced the prevalent vague ideas of “quantity” and “tension” 
by the conceptions of current strength and electromotive force. The 
latter quantity corresponds with potential, already used in electro- 
statics. When the tension or pressure is high, it needs more work to 
carry electricity from one point to another, and heiu^e difference of 
potential or electromotive force may be defined as the work done 
against the electric forces in carrying unit quantity of electricity from 
one point to another. 


* For instance, at the centre of a circular current, the distance from each element of the 
current is the same, and, d being everywhere a right angle, sin d is unity. Thus the magnetic 
force H is given by the relation 


cdl B _c ."Ldl cX27rr 


27rC 

r 
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Ohm’s work on electricity was based on the researches of Fourier 
on the conduction of heat (1800-1814). Fourier worked out mathe- 
matically the laws of the conduction of heat on the assumption that 
the flux of heat was proportional to the gradient of temperature. 
Ohm substituted potential for temperature, and electricity for heat, 
and proved the usefulness of these conceptions by experiment. He 
found that, if a current from a battery of voltaic cells or Seebeck’s 
thermo-couple flows through a uniform wire, the rate of fall of 
potential is constant. Ohm’s law is usually put in the form that the 
current c is proportional to the electromotive force E or 

c=kE=j, 

where is a constant which may be called the conductivity, and its 
reciprocal, i jk or R, is known as the resistance. R depends only on 
the nature, temperature and dimensions of the conductor, being pro- 
portional directly to its length, and inversely to its area of cross section. 
The latter fact indicates that a current flows uniformly through the 
whole substance of the conductor. This will be found to need some 
qualification in the case of very rapidly alternating currents. 

After the labours of Ampere and of Ohm, the subject of current 
electricity had reached that important stage in a new physical science 
when satisfactory fundamental quantities have been selected and 
defined, and a firm basis found for mathematical development. 

Another old idea resuscitated and established early in the nine- 
teenth century was the wave-theory of light. Held vaguely by Hooke 
and others in the seventeenth century, it was, as has already been 
said,^ put in a more definite form by Huygens. Newton rejected it on 
two grounds. Firstly, it did not then explain shadows, since waves of 
light he thought would naturally bend round obstacles as did those 
of sound. Secondly, the phenomena of double-refraction in Iceland 
spar indicated that rays of light were different on different sides, and 
waves with vibrations in the direction of propagation could not have 
such differences. These two difficulties were overcome by Thomas 
Young (1773-1829) and Augustin Jean Fresnel (1788-1827), who put 
the theory into its modern form. Nevertheless it is worth remembering 
that Newton held that the colours of thin plates indicated that the 
corpuscles in a ray of light produced accompanying waves in an 
aether — a theory amazingly like that now invoked to explain the 
properties of electrons. 
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Tht Wave- Young passed a very narrow beam of white light through two pin 

Theory of ^ screen, and placed another screen beyond the first. Where 

the rays from the two pin holes overlapped on the second screen, he saw 
a series of brilliantly coloured bands. The bands are due to the inter- 
ference of the similar waves from the two pin-hole sources. If one 
wave has half a wave-length further to travel than the other to reach 
the screen, the crest of the one wave will coincide with the trough of 
the next, and darkness will result. If the distances traversed by the 
two waves be the same, the crests will be superposed and the light will 
be doubled. The light actually seen is that composite light left when 
light of one wave-length is removed from the white light. If, instead 
of composite white light, simple coloured light is used, the bands are 
alternately bright and dark instead of coloured. 

From the dimensions of the apparatus and the breadth of the bands, 
it is clear that the wave-lengths of the different coloured lights can be 
calculated. They prove to be exceedingly short — of the order of one 
fifty-thousandth part of an inch, or the one two-thousandth part of 
a millimetre, agreeing with the lengths of Newton’s fits of easy 
reflection and easy transmission. From this it follows that the dimen- 
sions of ordinary obstacles in the path of a beam of light are very 
large compared with the wave-lengths, and a mathematical investiga- 
tion proves that, if an advancing wave-front be supposed resolved into 
a number of concentric rings round the point of the wa\^e-front nearest 
to the eye, the effects of all the rings except those near the point 
interfere and cancel each other, so that the eye only sees light coming 
to it along one direct path. That is, light travels almost solely in 
straight lines, and the bending round obstacles is confined to the 
minute effect known as diffraction. 

Newton’s other difficulty was overcome by Fresnel. Hooke had 
somewhat casually suggested that the vibrations which constitute light 
might be transverse to the direction of the rays, and Fresnel pointed 
out that this suggestion gave the possibility of unlikeness in the different 
sides of a ray. If we look at an advancing wave-front of light, linear 
vibrations may be either up and down, or right and left. Such linear 
vibrations would give what may be called plane-polarized light. If 
a crystal in one position lets one vibration through but not the other, 
a second similar crystal, turned round its axis through a right angle, 
will stop the light emerging from the first crystal. These are just the 
phenomena seen with Iceland spar. 

Fresnel developed the wave-theory of light mathematically to a 
high degree of perfection. Certain difficulties remained but, speaking 
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broadly, a remarkable concordance was obtained between his com- 
plete theory and the observed phenomena. He and those who followed, 
Green, MacGullagh, Cauchy, Stokes, Glazebrook and others, estab- 
lished the classical wave-theory for a century. 

If the waves of light be transverse to the direction of propagation, 
the medium must be so constituted as to transmit such waves. Neither 
gases nor liquids can do so ; and it follows that, if light is a mechanical 
wave-motion, the luminiferous aether must have properties analogous 
to those of a solid — it must possess rigidity. This was the beginning of 
a long series of clastic solid theories of the aether. The reconciliation 
of the necessary light-carrying properties with an absence of appre- 
ciable resistance to the motion of the planets, taxed heavily the 
ingenuity of the physicists of the first seventy years of the nineteenth 
century. At a later date, attempts were made to explain the necessary 
rigidity by imagining gyrostatic aethers in rotational motion. 

As Einstein has pointed out,^ the success of the wave-theory of light 
made the first breach in Newtonian physics, though the fact was 
not understood at the time. Newton’s theory of corpuscles of light 
travelling through empty space fitted well with the rest of his philo- 
sophy, tliough it is not easy to see why the corpuscles should move 
with only one constant velocity. But, when light came to be regarded 
as wave-motion, it ceased to be possible to believe that everything real 
was made up of particles moving in absolute space. The aether was 
invented to preserve the mechanical outlook, and, as long as light 
could be thought of as mechanical waves in a quasi-rigid medium, the 
aether fulfilled this function, though, as it was supposed to penetrate 
everywhere, it was, in a sense, identical with space itself. But Faraday 
showed that space had electric and magnetic properties, and when 
Clerk Maxwell proved that light was an electromagnetic wave, the 
aether ceased to be necessarily mechanical. 

The wave-theory of light opened the first chapter in what is now 
called field physics. The second, written in the work of Faraday and 
Maxwell, connected light with electromagnetism, and, in the third, 
Einstein explained gravitation in tenjis of geometry. Gravitation may 
some day be brought into connection with light and electromagnetism 
in a still wider synthesis. This has been attempted by Eddington. 

The induction of statical charges of electricity by other charges, and 
the similar action exerted by magnets on soft iron, suggested to the 
early experimenters that like effects might be obtained with the steady 
currents given by voltaic cells. Faraday, for instance, wound two 

* The Times y 4 February 1929. 
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helices of insulated wire on the same wooden cylinder, but could 
observe no deflection of a galvanometer in one coil when a steady 
current was maintained through the other by a voltaic battery. 

His first successful experiment, which opened a new era in the 
history of electrical science, was thus described to the Royal Society 
on 24 November 1831. 

Two hundred and three feet of copper wire in one length were wound round 
a large block of wood; other two hundred and three feet of similar wire were 
interposed as a spiral between the turns of the first coil, and metallic contact 
everywhere prevented by twine. One of these helices was connected with a galvano- 
meter, and the other with a battery of one hundred pair^^ of plates four inches 
square, with double coppers, and well charged. When the contact was made, there 
was a sudden and very slight effect at the galvanometer, and there was also 
a similar slight effect when the contact with the battery was broken. But whilst 
the voltaic current was continuing to pass through the one helix, no galvanometrical 
appearance nor any effect like induction upon the other helix could be perceived, 
although the active power of the battery was proved to be great by its heating the 
whole of its helix, and by the brilliancy of the discharge when made through charcoal. 

Repetition of the experiment with a battery of one hundred and twenty pairs of 
plates produced no other effect; but it was ascertained, both at this and the former 
time, that the slight deflection of the needle occurring at the moment of com- 
pleting the connection, was always in one direction, and that the equally slight 
deflection produced when the contact was broken, was in the other direction. 

The results which I had by this time obtained with magnets led me to believe 
that the battery current through one wire did, in reality, induce a similar current 
through the other wire, but that it continued for an instant only, and partook more 
of the nature of an electrical wave passed through from the shock of a common 
Leyden jar than of the current from a voltaic battery, and therefore might 
magnetize a steel needle, though it scarcely affected the galvanometer. 

This expectation was confirmed; for on substituting a small hollow helix, formed 
round a glass tube, for the galvanometer, introducing a steel needle, making 
contact as before between the battery and the inducing wire, and then removing 
the needle before the battery contact was broken, it was found magnetized. 

When the battery contact was first made, then an unmagnetized needle intro- 
duced into a small indicating helix, and lastly the contact broken, the needle was 
found magnetized to an equal degree apparently as before; but the poles were of 
a contrary kind. 

With the much more delicate galvanometers we now possess, it is 
easy to repeat F araday’s experiments with the primary current derived 
from a single voltaic cell, and to show that similar transient currents 
are produced by moving the primary and secondary circuits relatively 
to each other, or by moving a permanent magnet relatively to a coil 
connected with a galvanometer. Faraday’s discovery of electro- 
magnetic induction has proved to be the foundation of a vast industrial 
development : almost all electric machinery of practical importance 
depends on the principles of the ftiduction of currents. 
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Ampere was content to discover the laws of electromagnetic force 
in mathematical form, without enquiring by what mechanism the 
force was propagated. But Faraday, who followed him, was not a 
mathematician and was keenly interested in picturing the physical 
properties and state of the intervening space or electromagnetic field 
of force. If a card be laid on a bar-magnet, and iron filings be 
scattered over the card, they cling together in chains, showing the 
lines in which the magnetic force acts. Faraday imagined that such 
lines or tubes of force, connecting magnetic poles or electric charges, 
have a real existence in a magnetic or an electric field, perhaps as a 
chain of polarized particles. If they were in a state of strain like rubber 
cords, stretched longitudinally and compressed transversely, they 
would spread themselves throughout the medium and would draw 
magnetic poles or electric charges together, thus explaining the 
phenomena of attraction. Whether real or not, Faraday’s lines of force 
give a ready and convenient way of representing the stresses and 
strains in the insulating medium or electric field. 

Faraday examined this dielectric medium in another way. He 
found that the electrostatic capacity of a conductor, that is, the 
quantity of electricity it holds at a given potential or pressure, in- 
creased when the air surrounding it was replaced by another insulator 
like shellac or sulphur, increased in a ratio which he called the specific 
inductive capacity of the insulator. 

Faraday’s ideas were in advance of his time and were expressed in 
unfamiliar language. But when, thirty years later, Clerk Maxwell 
translated those ideas into mathematical form and developed them 
into a theory of electromagnetic waves, their full importance was 
realized — at once in England, more slowly in other lands. Thus Fara- 
day laid the foundations of three great branches of practical electric 
science — electro-chemistry, electromagnetic induction, and electro- 
magnetic waves. Moreover, his insistence on the importance of the 
electromagnetic field of force was the historical starting point of the 
electrical side of modern theories of field physics. 

To the two German mathematical physicists, C. F. Gauss (1777- 
1855) and W. E. Weber (1804-1891), we owe the invention of a 
scientific system of magnetic and electric units, not defined arbitrarily 
in terms of quantities of the same kind as themselves, but based on the 
fundamental units of length, mass and time. 

In 1839 Gauss published his “general theory of forces attracting 
according to the inverse square of the distance”. Electric charges and 
magnetic poles as well as gravitating matter conform to this relation. 
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Electro- and an electric charge or magnetic pole of unit strength may be defined 
^^UnUs which, separated by unit distance (one centimetre) in air from 

an equal similar charge or pole, repels it with unit force (one dyne) . If 
another medium replaces air, the force will be less in a certain ratio, k 
for electric forces and /x for magnetic forces, k is Faraday’s specific 
inductive capacity, which here appears as a dielectric constant, and 
/X is a quantity which was afterwards named the magnetic permeability 
of the medium. On this foundation. Gauss raised an imposing 
structure of mathematical deduction.^ 

Ampere and Weber showed experimentally that coils of wire 
carrying electric currents acted in the same manner as magnets of the 
same size and shape, a circular current being equivalent to a circular 
disc magnetized at right angles to its plane, so that one face is a north- 
seeking pole and the other face a south-seeking pole. This unit current 
may be defined as that current which is equivalent to a magnetic disc 
of unit magnetic strength, a definition which may be shown mathe- 
matically to lead to the result that the magnetic field, that is, the force 
on a unit magnetic pole, at the centre of a circular current is 27Tc/r, 

' As an example we may take what is known as Gauss’ theorem. Let a quantity of 
electric ity be imagined to be surrounded by a closed surface, and let that surface be 
supposed dissected into a number of small areas, any one of which may be called a, with 
an electric force N acting at right angles to it. I’hen Gauss proved that the sum of all the 
quantities olN is equal to times the total amount of electricity e within the surface, 
however that electricity be distributed. That is, 

EaA/’=47rf, 

a relation which can easily be obtained from the law of force by simple mathematics. If we 
take into account the dielectric constant of the insulating medium inside the surface, this 
expression becomes 

or IaJ{k=i 7 re. 

The quantity 'LaJVk is called the total normal induction over the surface. 

Similar equations hold for gravitational or magnetic forces, and can be used to deduce 
results only otherwise to be obtained by difficult mathematics. For instance, suppose we 
have a sphere of gravitating matter of mass m. Let us imagine that we surround it by 
a concentric spherical surface of radius r. Over this surface Gauss’ theorem holds. Hence, 

EolY = ^Trm. 

But everything is here symmetrical, jVis constant, and equal to the total force F. Therefore, 

47nn= JVx 2 ot=F’x 477T*, 

and F=-. 

This is the same gravitational force that would be exerted by a heavy particle of mass 
m placed at the centre of the gravitating sphere. Thus, with the simplest mathematics, 
we have proved Newton’s famous result that a uniform sphere attracts as though its 
mass were concentrated at the centre, and incidentally we have illustrated the power of 
Gauss’ method. Much of the theory of electrostatics and magnetism may be built up 
on Gauss’ theorem by the use of mathematics, somewhat more complicated perhaps, but 
no more difficult. See my text-book, Experimental Electricity ^ Cambridge (1905-1923). 
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where c is the strength of the current and r the radius of the circle, 
an expression which of course agrees with that deduced from Ampere’s 
formula. Therefore, by suspending a small magnetic needle at the 
centre of a large circular coil of wire (an arrangement known as a 
tangent galvanometer), and observing the deflection produced by 
passing a current through the coil, we can measure the current in 
absolute or centimetre-gramme-second (g.g.s.) units. The common 
unit of current or ampere is designed to be the tenth part of the unit 
as thus defined, though, for practical purposes and convenience of 
measurement, the definition has for many years been based on the 
amount of silver deposited electrolytically as explained above. There 
has been however a proposal to revert to the theoretical definition. 

In the eighteenth and nineteenth centuries heat became of great 
practical importance owing to the development of the steam engine, 
and this in turn caused renewed attention to be given to the theory of 
the subject. 

As we have seen, the caloric theory, according to which heat is an 
imponderable fluid, played a useful part in suggesting and inter- 
preting experiments on the measurement of quantities of heat. But, 
as a physical explanation, the theory of molecular agitation had always 
appealed to the more acute natural philosophers, such as Boyle and 
Newton. In 1738 Daniel Bernouilli had shown that, if a gas be 
imagined to consist of molecules in motion in all directions, the impact 
of the molecules on the walls of the containing vessel would explain 
the pressure, and the pressure would increase proportionately as 
the gas was compressed or the temperature raised, as experiment 
required. 

The development of heat by friction was explained by the calorists 
on the supposition that the filings or abrasions, or the main substance 
in its final state after friction, possessed a smaller specific heat than 
the substance at first, so that heat was squeezed out and thus made 
manifest. But in 1798 an American, Benjamin Thompson, who in 
Bavaria became Count Rumford, showed by experiments on the 
boring of cannon that the heat evolved was roughly proportional to 
the total work done, and bore no relation to the amount of shavings. 
Nevertheless, the fluid theory survived for another half century. 

But by 1840 it had become apparent that some at all events of 
the different powers of nature were mutually convertible. In 1842 
J. R. Mayer upheld the possibility of the conversion of work or vis 
viva into heat and heat into work. Assuming that when air is com- 
pressed all the work appears as heat, Mayer calculated a numerical 
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value for its mechanical equivalent.^ In the same year SirW. R. Grove, 
English judge and man of science, known by his invention of a voltaic 
cell, explained in a lecture the idea of the interrelation of natural 
powers, and elaborated it in a book published in 1846 under the title 
of The Correlation of Physical Forces} This and the independent study 
in 1847 by the great German physiologist, physicist and mathe- 
matician H. L. F. von Helmholtz (1821-1894), Ueber die Erhaltung der 
Kraft} contained the earliest general account of the principle now 
known as the “conservation of energy”. 

During the years from 1840 to 1850 James Prescott Joule (1818- 
1889) measured experimentally the amount of heat liberated by the 
expenditure of electrical and mechanical work.^ He first proved that 
heat generated by the passage of an electric current in a conductor is 
proportional to the resistance of the conductor and to the square of 
the strength of the current. He then forced water through narrow 
tubes, compressed a mass of air, and heated liquids by the rotation of 
paddle wheels. He found that, however work was done, the expenditure 
of the same amount of work resulted in the development of the same 
quantity of heat, and from this principle of equivalence he concluded 
that heat was a form of energy. Even then “it was many years. . . 
before any of the scientific chiefs began to give their adhesion”, 
though Stokes told William Thomson that “he was inclined to be 
a Joulitc”. In 1853 Helmholtz, during a visit to England, observed 
much scientific interest in the subject, and in France found that 
Regnault had adopted the new views. Joule’s final results showed 
that to warm one pound of water through 1° Fahrenheit, at any 
temperature between 55° and 60°, needed the expenditure of about 
772 foot-pounds of work. Later experiments indicate 778 as a figure 
more nearly accurate. 

Joule’s definite experimental result that work and heat were 
equivalent gave power and point to the idea called by Grove the 
“correlation offerees”, and by Helmholtz “the persistence offeree”. 
That idea was thus developed into the definite physical principle 
which came to be known as the “conservation of energy”. Energy, 
as an exact physical quantity, was new to science. The concept which 
underlay it had previously been expressed by an inaccurate and con- 
fusing duplication of meaning of the word “force ”, a confusion which 
had been pointed out by Young. Energy may be defined as the power 

* Liebig's Annalen^ May, 1842. 

* W. R. Grove, The Correlation of Physical Forces ^ London, 1846. 

^ Helmholtz, Abhandlmg vm der Erhaltung der Kraft, 1847. 

* J. P. Joule, Collected Papers. 
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of doing work, and, if the conversion be complete, may be measured 
by the work done. The use of the word “energy” in this specialized 
sense is due to Rankine and William Thomson, the latter of whom 
adopted Young’s distinction. 

Joule’s experiments showed that, in the cases he investigated, the 
total amount of energy in a system is constant, the quantity lost as 
work reappearing as heat. General evidence led to the extension of 
this result to other changes, where, for instance, mechanical energy is 
converted into electrical energy, or chemical energy into animal heat. 
Till recent years, all known facts were consistent with the statement 
that the total energy of an isolated system is constant in amount. 

The principle of the conservation of energy, thus established, is 
comparable with the older principle of the conservation of mass. 
Newtonian dynamics are founded on the recognition that there is 
a quantity, for convenience called the mass of a body, which remains 
constant throughout all motion. In the hands of the chemists, the 
balance showed that this principle holds good also when chemical 
changes occur. The matter in a body burning in air is not annihilated. 
When the resultant substances are collected, their total weight is the 
joint weight of the original body and the air which has been consumed. 

And so with energy: another quantity besides mass enierges in our 
consciousness, chiefly because it remains unchanged throughout a 
series of transformations. We find it convenient to recognize the 
existence of that quantity, to use it as a scientific concept, and to give 
it a name. We call it energy, measure its changes by the amount of 
work done or by the amount of heat developed, and, somewhat 
laboriously and after much doubt, rediscover its constancy.' 

By none of the processes known to nineteenth-century physics could 
matter or energy be created or destroyed. In the twentieth, there 
have appeared indications that matter itself is a form of energy, and 
that transformations from one form to the other are not impossible, 
but, until recent years, matter and energy were rigidly distinguished. 

The principle of the conservation of energy was first applied to 
chemistry about 1853 by Julius Thomsen, who recognized that the 
heat evolved in a reaction is a measure of the difference of energy 
content of the system befpre and after the reaction. Again, since the 
final energy of a closed system must be the same as its initial energy, 
it became possible in some cases to predict the final state of the system 
without reference to intermediate steps, to pass at once to the solution 
of a physical problem without tracing the process by which the goal 

‘ See Chapter xn. 
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is attained, as Huygens did in the more limited problems ofmechanics. 
Because of this practical use, and for its own intrinsic interest, the 
principle of the conservation of energy may be regarded as one of the 
great achievements of the human mind. 

But it had its philosophic dangers. Since the principles of the con- 
servation of matter and energy were found to hold good in all circum- 
stances which could then be investigated, it was natural to stretch the 
principles into the form of general laws. Matter became eternal and 
indestructible; the amount of energy in the Universe became constant 
and immutable, in all conditions and for all ages. The principles 
passed from safe guides for small empirical advances in knowledge 
into great philosophic dogmas of doubtful validity. 

In 1845 J. J. Waterston, in a manuscript memoir, for long lying 
forgotten in the archives of the Royal Society, developed further the 
kinetic theory of gases, made more important by the identification of 
heat and energy. In 1848 Joule also was at work upon the same 
subject. These two investigators carried the theory beyond the point 
reached by Bernouilli, and calculated independently the average 
velocity of movement of the molecules.^ In 1857 the first adequate 
kinetic theory of matter was published by Clausius.^ 

Owing to the chances of molecular collision, which are assumed to 
occur with perfect elasticity, at any instant there will be molecules 
moving with all velocities and in all directions. The total energy of 
translation of all the molecules measures the total heat content of the 
gas, and the average energy of each molecule measures the temperature . 
From these premises it can be deduced mathematically that the 
pressure p is equal to InmV^, where n is the number of molecules in 
unit volume, m the mass of each, and the average value of the 
square of the velocity.^ 

* Life of Lord Rayleigh^ p. 45; Joule’s Collected Papers. Also art. “Joule”, in D.N.B. by 
Sir Richard Glazebrook. 

O. E. Meyer, Kinetic Theory of Gases, Eng. irans. R. E. Baynes, London, 1899. 

^ If one molecule be moving with velocity V, that velocity can be resolved into three 
components, u, v, and w, at right angles to each other, and, since the component energies 
must equal the total energy, 

V^=u}-{-v^+w\ 

On the whole the molecules will be moving equally in all directions, so that. 

If the gas be contained in a centimetre cube, one molecule, moving to and fro between 
opposite faces with the resolved velocity «, will strike one face times a second. If m be 
its mass, the change of momentum when it strikes the face and rebounds is 2»im, and the 
change of momentum per second is 2mu x \u or mu^. If there arc n molecules in the cubic 
centimetre, the total rate of change of momentum on one unit face, which measures the 
pressure /?, is ' 

p=n'msP—\nmV^. 
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But the total mass of gas in unit volume, measures its density, 
so that, if temperature and therefore P be constant, the pressure of 
a gas is proportional to its density or inversely proportional to its 
volume — a law which was discovered experimentally by Boyle. If the 
temperature vary, since p is proportional to the pressure must 
increase with the temperature — the law of Charles. If we have two 
gases at the same pressure and temperature, it follows from the 
equation that the number of molecules in unit volume is equal for 
the two gases — the law obtained by Avogadro from chemical facts. 
Finally, for the two gases, the molecular velocity V must be inversely 
proportional to the square root of m, the density, a relation that 
explains the rates at which gases diffuse through porous partitions, 
the law of which had been discovered experimentally by Thomas 
Graham about 1830. 

From these deductions we see that the elementary kinetic theory, 
as given by Bernouilli, Joule and Clausius, is in accordance with the 
simpler experimental properties of gases. Moreover, as Waterston 
and Joule showed, the theory enables us to calculate approximately 
the molecular velocities. For instance, with hydrogen the volume of 
unit mass is i i-i6 litres, or 1 1,160 cubic centimetres, at 0° C. and at 
the standard atmospheric pressure of 760 millimetres of mercury 
or roi3xio® dynes per square centimetre. Hence the equation 
p = \nmV^ leads to the result that V is 1844 metres, or more than a mile 
a second. For oxygen the corresponding number is 461 metres per 
second. These figures give the square root of the average value of 
the average value of F itself, the molecular velocity, is a little smaller. 
The actual number of molecules in one cubic centimetre of a gas at 
0° C. and atmospheric pressure was first calculated from the kinetic 
theory by Loschmidt in 1865 as 2-7 x 10^^. 

Maxwell and Boltzmann applied to the distribution of velocities 
Gauss’ law of error, derived from the theory of probability, now of 
importance in many branches of enquiry. The theory shows that 
molecules subject to chance collisions may be divided into groups, 
each group moving within a certain range of velocity in a manner 
illustrated in Figure 5. The horizontal ordinate measures the 
velocity, and the vertical ordinate the number of molecules which 
move with it. The most probable velocity is taken as unity. It will be 
seen that the number of molecules moving with a velocity only three 
times the most probable velocity is almost negligible. Similar curves 
may be drawn to illustrate the distribution of shots on a target, of the 
errors in a physical measurement, of men arranged in groups according 
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to height or weight, length of life, or ability as measured by examina- 
tion. Both in physical and in biological science and in sociology, the 
theory of probability and the curves of error are now of great im- 
portance. It is impossible to predict the length of life of an individual 
man, or the velocity of a particular molecule at any future instant; 
but, with a sufficient number of molecules or men, we can deal with 


y 



them statistically, and predict within narrow limits how many will be 
moving within a certain range of velocity, or how many will die in 
a given year — philosophically we may say that we reach a form of 
statistical determinism, though, at this stage, individual uncertainty 
remains. 

The tendency of molecules, originally moving with other velocities, 
to reach the Maxwell-Boltzmann distribution, which is the most 
probable arrangement, was investigated by BoltzmaiiH and Watson. 
It proved to be equivalent to the tendency of a thermodynamic 
quantity, known as entropy, to reach a maximum. The process of 
reaching this most probable condition, in which the entropy is a maxi- 
mum and the velocities distributed according to the law of error, is 
analogous to the shuffling of a pack of cards. It happens spontaneously 
in nature as time goes on. It has now become of great scientific, 
indeed of philosophic importanep. 

Maxwell also showed that the viscosity of a gas must depend on the 
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mean free path, that is, the average distance a molecule moves 
between two collisions. For hydrogen the mean free path is about 
17x10“® centimetres and for oxygen 8-7 xio"® centimetres. The 
frequency of collision is of the order of 10® per second, and this very 
high number shows why, in spite of the great velocity of their mole- 
cules, gases diffuse so slowly. The viscosity of a gas does not diminish 
with the density, as one might expect, but, till very low densities are 
reached, remains constant as the gas is exhausted. The verification by 
experiment of this theoretical result gave early confidence in the more 
advanced parts of the theory. 

Temperature is measured on the kinetic theory by the average 
energy of translation of the molecules, but they may also possess energy 
of rotation, vibration, etc. Maxwell and Boltzmann showed that the 
total energy should be proportional to the “number of degrees of 
freedom” of a molecule, that is, to the number of co-ordinates needed 
to specify its position completely. The position of a point in space is 
fixed by three co-ordinates, and thus the motion of the molecules as 
wholes, by which temperature is determined, involves three degrees 
of freedom. If the total number of degrees be w, when a gas is heated 
a fraction of the heat energy 3/^ goes into energy of translation to 
raise the temperature, and the rest, (n - 3) /w, is used by the molecule 
in other ways. When a gas is heated at constant volume, all the heat 
is used to increase molecular energy, but, at constant pressure, the 
volume will increase, and therefore work is also done against the 
pressure of the atmosphere. From this it can be shown to follow that 
the ratio y of the two specific heats, at constant pressure and at 
constant volume, is given by i + 2/«, so that, if w = 3, y = i + § = i -67. 
At the time when Maxwell made his calculation, he knew of no 
gas which gave this ratio, but it was afterwards found to hold 
good for gases with monatomic molecules, such as mercury vapour, 
argon and helium, which therefore behave as single points as far 
as the absorption of heat energy is concerned. Ordinary gases, such 
as hydrogen and oxygen, have diatomic molecules. They are found 
to give a value for y of 1*4, indicating molecules with five degrees of 
freedom. 

Boyle’s Law, in the form = constant, can be expanded into 
pv=^RT, when changes of temperature are brought into account, 
R being a constant. The effect of molecular attraction, which must 
depend on the square of the density, or ajv^, where a is a constant, is 
to increase p to pi-alv^. The effect of the volume 6, occupied by the 
substance of the molecules themselves, and therefore not subject to 
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compression, is to decrease v to v-b. Thus Van der Waals in 1873 
obtained the equation 



= RT, 


which was found to express fairly well the variations from Boyle’s Law 
observed in some imperfect gases. 

Such gases were examined experimentally by several physicists, 
especially about 1869 by Thomas Andrews,* who investigated the 
continuity of the gaseous and the liquid states, and showed that, above 
a definite critical temperature which was characteristic of each gas, 
no pressure, however great, would produce liquefaction. The lique- 
faction of a gas was seen to be a problem of reducing the temperature 
below the critical point. 

Direct evidence of the action of molecules was obtained by the 
irregular movements of very small particles observed under a micro- 
scope by the botanist Robert Brown in 1827, explained in 1879 
by William Ramsay as being due to the bombardment of the particles 
by the molecules of the liquid in which they are suspended. Light 
vanes, blackened on one side and pivoted in very high vacua, were 
observed by Crookes to rotate in the direction of the polished faces 
when placed in sunlight. Maxwell explained this rotation as an effect 
of the additional heat absorbed by the blackened sides. This heat 
causes the molecules to rebound with greater velocity when they 
strike the vane and thus push back the blackened face. 

Thermo- In 1824 Carnot, the son of the “Organizer of Victory”, 
dynamics pointed out that every heat engine needs a hot body or source of heat, 
and a cold body or condenser, and that, when the engine works, heat 
passes from the hotter body to the colder one. Carnot left in manu- 
script the idea of the conservation of energy, but his work was long 
misinterpreted in terms of the caloric theory, whereby heat is thought 
to pass through the engine unchanged in amount, doing work by 
falling in temperature, as water, falling from a height, does work on 
a water-wheel. 

Carnot saw that to investigate the laws of heat engines, it is necessary 
to imagine first the simplest case — that of a perfectly frictionless 
engine in which there is no loss of heat by conduction. Furthermore 
he realized that, in the examination of the working of an engine, the 
engine must be supposed to be carried through a complete cycle of 
observations, so that the working substance, steam, compressed air, 

4 


Royal Society, Phil. Trans. 18S9, ii, p. 575. 
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or whatever it may be, is brought back to its initial state. If this is not 
done, the engine may be drawing work or heat from the internal 
energy of its working substance, and the external heat which passes 
through the engine may not be doing all the work. 

Carnot’s theory of cycles was put into modern form by Clausius and 
William Thomson, afterwards Lord Kelvin. When work is trans- 
formed into heat or heat into work, the relation between them is 
given by Joule’s results. But, although it is always possible to trans- 
form the whole of a given quantity of work into heat, it is not generally 
possible to perform completely the reverse change. In steam engines 
and other heat engines it is found that only a fraction of the heat 
supplied is transformed into mechanical energy; the remainder, which 
passes from hotter to colder parts of the system, does not become 
available for the performance of useful work. Experience shows that 
every heat engine operates by taking a quantity of heat H from the 
source and giving up part of that heat, let us say h, to the condenser. 
The difference [H-h) between these two quantities of heat is the 
maximum amount available for conversion into work W, and the 
ratio WjH of the actual work done to the heat absorbed may be taken 
as the clTiciency E of the engine. 

A theoretically perfect engine can be imagined which will lose no 
heat by conduction and no work by friction, so that 


and 


W=H-h, 

_W_H-h 
H * 


All such perfect engines must have the same efficiency, or it would be 
possible by coupling two engines together to obtain work from the 
heat energy of the condenser, or, by a self-acting mechanism, to 
pump heat continually from a cold body to a hot one, either of which 
is contrary to experience. Hence the efficiency, and therefore the 
ratio of the heat absorbed from the hot body to that given out by the 
cold one, is independent of the form of the engine or the nature of the 
working substance. These quantities must consequently depend only 
on the temperature of the source T, and that of the condenser t\ and 
the ratio of the heat absorbed to that rejected may be used as a means 
of defining the ratio of the two temperatures by writing TIt-Hjh, 
from which it follows that 
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Themo’ Thus William Thomson devised a thermodynamic scale of temperature 

dynamics ^hi^h is absolute because it does not depend on the form of the 
apparatus or the nature of the substance in it. If the condenser of 
a perfect engine were at the zero of temperature, that is, if ^ = o or 
£= I, no heat would be given to the condenser, all the heat absorbed 
would be converted into work, and the efficiency be unity. No engine 
can give out more work than the mechanical equivalent of the heat 
it absorbs, or have an efficiency greater than unity. Hence this zero 
of temperature is an absolute zero — nothing can be colder. 

The thermodynamic scale as thus defined is only a theoretical one. 
It is not possible practically to compare two temperatures by measuring 
the ratio of the quantities of heat absorbed and rejected by a perfect 
engine — if only for the reason that a perfect engine cannot be made. 
Hence it is necessary to translate the thermodynamic scale into 
practical terms. 

In one of his investigations, Joule, like Mayer before him, used the 
compression of air as a means of converting work into heat. But Joule 
justified its use by repeating a forgotten experiment of Gay-Lussac, 
and showing that, when air was allowed to expand without doing 
work, no appreciable change of temperature occurred. Thus it follows 
that there is no alteration in the molecular state of the gas on expansion 
or contraction, and all the work done in compressing it appears as 
heat. Thomson and Joule devised a more delicate method of experi- 
ment, and proved that, when gases were forced through a porous plug 
and allowed to expand freely beyond it, the changes of temperature 
were very small, air being slightly cooled and hydrogen being even 
more slightly heated. From a mathematical consideration, it follows 
that an air or hydrogen thermometer (zero about —273° C.) nearly 
agrees with the absolute or thermodynamic scale, the small differences 
being calculable from the heat effects on free expansion. 

The consequences of thermodynamical reasoning have not only 
enabled the engineer to place on a firm footing the theory of the heat 
engine, but have aided materially the progress of modern physics and 
chemistry in many other directions. Faraday liquefied chlorine by 
pressure alone in a very simple apparatus. But the theory of an 
absolute scale of temperature and the porous plug experiments of 
Thomson and Joule pointed the way to that modern series of re- 
searches which eventually hquefied all known gases and thus com- 
pleted the proof of the continuity of all types of matter in its three 
phases. The porous plug effect, minute at ordinary temperatures, 
becomes large when gases are previously cooled, and, when a cold 
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gas is forced continuously through a nozzle, it is cooled further and Therm- 
can be used to cool the on-coming stream of gas. The process is thus 
made cumulative, and the gas is finally cooled below its critical point 
and liquefied. Sir James Dewar thus liquefied hydrogen in 1898, and 
Kamerlingh-Onnes liquefied helium, the last gas to surrender, in 
1908. The vacuum-lined glass vessels, invented by Dewar for lique- 
faction experiments, are now familiar as thermos flasks. 

Much research has been done on the effect of these extremely low 
temperatures on the properties of various materials. One of the most 
striking changes is in electric conductivity, which increases enorm- 
ously; for instance, lead at the temperature of liquid helium has 
a conductivity about a thousand million times greater than at 
0° C. An electric current, once started in a circuit of such a cooled 
metal, will flow, hardly diminished, for many hours. 

To obtain useful work from a supply of heat, a temperature in- 
equality is necessary. But, in nature, temperature inequalities are 
constantly being diminished by conduction of heat and in other ways. 

Hence, in an isolated system with irreversible changes going on, the 
heat energy tends steadily to become less and less available for the 
performance of useful work, or conversely the mathematical function 
called by Clausius the entropy, constant in a reversible system, tends 
to increase. When the availability of the energy becomes a minimum 
or the entropy a maximum, no further work can be done, and thus 
the necessary conditions of equilibrium of the system can be deter- 
mined. In a similar way, equilibrium in an isothermal system (i.e, one 
at constant temperature) is reached when the thermodynamic potential, 
another mathematical function, developed by Willard Gibbs, is a 
minimum. Thus the theory of chemical and physical equilibrium has 
been built up by Clausius, Kelvin, Helmholtz, Willard Gibbs and 
Nernst. A great part of modern physical chemistry, wkh many 
industrially important technical applications, is merely a series of 
experimental illustrations of Willard Gibbs’ thermodynamic equations. 

One of the most useful results is known as the Phase Rule.* If a 
system has n different components (e.g. two, water and salt) and 
r phases (e.g. four, the two solids, the saturated solution and the 
vapour), it follows from Gibbs’ theorem that the number F of degrees 
of freedom will be «-r, to which must be added two more for 
temperature and pressure. Thus we get the phase rule in the form 

f =;z-r + 2. 

Alexander Findlay and A. N. Campbell, The Phase Rule, London, 1938. 
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A second equation, known at an earlier date, gives the relation 
between L the latent heat of any change in state, T the absolute 
temperature, p the pressure and the change in volume, in the 
form 




dp __ L 
dT T {v 2 ^v^)' 


The principle of this equation, originally due to James Thomson, was 
developed about 1850 by William Thomson (Lord Kelvin), Rankine 
and Clausius, and applied, especially to chemistry, at a later date by 
Le Chatelier and others. The latent heat equation, combined with 
the phase rule, gives the general theory of equilibrium of different 
phases and the rate of change of pressure with temperature when the 
system departs from equilibrium. It also follows that an external 
action on the system produces an opposing reaction within it. 

In the phase rule equation, if r = ;^ + 2, f is 0, and the system is non- 
variant. When, for example, with one component, three phases of 
water-substance, ice, water, and vapour, arc assembled, they can be 
in equilibrium only at one particular temperature and then only if 
the pressure be adjusted to one particular value. If two phases, say 
water and vapour, are present, r = n+i and F=n-i, so that the 
system has one degree of freedom. The two phases can be in equi- 
librium at any point along upT curve, the slope of which from point 
to point is determined by the latent heat equation. Systems of more 
than one component are, of course, more complicated. 

One application of the phase rule relations, of great importance 
both for science and industry, is the investigation of the constitution 
of alloys, an investigation which has given us many metals with 
qualities useful for special purposes.^ The theory has been developed 
chiefly with the help of three experimental methods. First, the micro- 
scopic examination of polished sections of metals etched by suitable 
liquids, was developed chiefly on iron by H. C. Sorby of Sheffield 
about 1863, followed by Martens of Charlottenburg, and much im- 
proved since. This method shows clearly the crystalline structure of 
metals and their alloys. Secondly, the thermal method, in wliich a 
molten metal is allowed to cool, and measurements made of time and 
temperature. When a change of state, e.g. from liquid to solid, occurs, 
the fall in temperature becomes slower, or stops altogether for a while. 
As examples, the work (1900) of Roozeboom on Gibbs’ theory and 
the experiments of Heycock and Neville may be cited. Thirdly, the 

* C. H. Desch, Metallography ^ 4.th ed., London, 1937. 
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method of X-rays, introduced later by Laue and Sir William and Themo- 
Sir Lawrence Bragg, threw light on the atomic structure of solids, dynamics 
whether salts, metals, or alloys, and opened a new field of general 
atomic research. 

The simplest equilibrium of a binary system may be illustrated by 
the work of Heycock and Neville on silver and copper. Along the 
curve AE (Fig. 6), pure silver is freezing out of the liquid, and along 
BE pure copper. At E crystals of silver and copper appear together, 
so that solidification proceeds at a constant temperature. The metal 
of this composition, 40 atomic percentages of silver and 60 of copper, 
has a regular structure, and is therefore known as a eutectic alloy. 

If the solid can vary in composition as well as the liquid, we get 
“mixed crystals” or “solid solutions” and much more complex 
phenomena. It is these which were first elucidated by Roozeboom 
with the aid of Willard Gibbs’ theory. In the diagrams representing 
solid solutions, the intersection of two curves of solid solubility gives a 
point of minimum temperature known as a eutectoid point. Here two 
solid phases crystallize together from other solid phases, and a eutectoid 
alloy, somewhat similar in structure to a eutectic, is formed. Fig. 7 is 
a modern modification of Roozeboom’s diagram for mixtures of iron 
and carbon containing less than 6 per cent, of carbon, showing the 
various compounds and solid solutions which have been identified 
and given names, and changes at definite temperatures even in 
alloys which are completely solid. Such diagrams enable us to trace 
the connection between composition, temperature adjustment, and 
physical properties, and the results of “tempering” iron and steel. 

Of recent years, many new alloys have been produced with pro- 
perties fitted for different uses. Especially is this the case with alloys 
of iron. Peaceful substances, like stainless steel free of rust, and 
munitions of war in countless variety, contain small quantities of 
nickel, chromium, manganese, tungsten, and other elements, which, 
with appropriate temperature treatment, make iron hard or tough, 
or give it other qualities which are needed. On the theory and 
experiment set forth above, these recent practical developments are 
based. Examples of such alloys follow. 

Nickel added to steel in the proportion of 3 per cent, increases the 
strength without decreasing the ductility. With 36 per cent, of nickel, 
carbon being low, the coefficient of expansion is negligible, and the 
alloy, useful for many purposes, is called invar. Chromium gives 
stable carbides, and, in moderate proportions, steel alloys which resist 
corrosion. Nickel-chromium steels are of importance in engineering, 
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cspcciflJJy wJicn sonic molybdenum is fldded# A^3.n^3n.ese ^so msJees 
the carbides more stable, but high proportions give brittle tilloys till 
Hadfield steel is reached, containing 12 per cent, of carbon; working 


Percentage composition of the liquid phase 




the surface makes this alloy extremely hard and resistant to wear, as, 
for instance, in rock-crushing. The heavy tungsten atom lessens 
mobility in the solid solutions, so that it hinders grain growth, and 
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retards phase changes. Tungsten steels are therefore used for permanent 
magnets, as are alloys of steel and cobalt. 

Among the non-ferrous alloys, those of aluminium are of special 
interest and practical importance. Their examination was begun 
seriously about 1909 by Wilm and others, and was developed mainly 
to meet the demands of the aircraft industry for metals both light and 
strong. Among them, for example, is one to which the name of 
duralumin was given, containing 4 per cent, of copper, 0-5 per cent, 
magnesium and 0*5 per cent, manganese, the rest being aluminium. 
By age-hardening this metal can be given a strength equal to that of 
mild steel. Many different alloys of aluminium are used, as well as 
those of other metals with special properties. 

The principle of the conservation of energy is the first law of thermo- 
dynamics, and the tendency of energy to become less and less available 
is the second law. These ideas, extended to the whole stellar Universe, 
were taken to indicate that cosmical energy is continually wasting 
into heat by friction, and heat energy is continually becoming less 
available by the reduction of inequalities of temperature. Thus 
physicists were led to contemplate a distant future in which all the 
stores of energy available in the Universe will have been converted 
into heat uniformly distributed through matter in mechanical equi- 
librium, and all further change will become for ever impossible. But 
this conclusion rested on several unproved assumptions. It supposed 
that generalizations made from limited observations were true in 
wider conditions which were as yet largely undetermined ; it supposed 
that the stellar Universe may be treated as an isolated system into 
which no energy is entering; it supposed that individual molecules, 
the velocities of which are subject to continual alteration owing to 
collisions, cannot be followed and separated into fast-moving and 
slow-moving groups. 

Maxwell imagined a minute being or daemon, with faculties fine 
enough to follow the individual molecules, placed in charge of a 
frictionless sliding door in a wall separating two compartments of 
a vessel filled with gas. When a fast-moving molecule moves from left 
to right the daemon opens the door, when a slow-moving molecule 
approaches, he (or she) closes the door. The fast-moving molecules 
accumulate in the right-hand compartment, and slow ones in the left. 
The gas in the first compartment grows hot and that in the second 
cold. Thus the power of controlling individual molecules would enable 
diffused energy to be reconcentrated. 

In the conditions of nature known in the nineteenth century, the 
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Thermo- principle of the dissipation of energy held good as long as molecules 
dynamics treated statistically; the energy by which we live and 

move seemed to be growing continually less available, and the process 
of thermodynamic decay threatened slowly to drain away the life of 
the Universe. How far this conclusion has been modified or confirmed 
in new terms by recent knowledge will be seen in a later chapter. Here 
it should be noted that the thermodynamic condition of maximum 
entropy or greatest dissipation of energy is reached when molecules 
have their velocities distributed in accordance with the Maxwell- 
Boltzmann law, the probability of which distribution is a maximum. 
Thus thermodynamics arc linked to the known laws of probability 
and to the kinetic theory of matter. 

Spectrum The classical distinction between the celestial and terrestrial spheres , 
Analysis Jested during the whole of the Middle Ages, was broken down 

by Galileo and Newton, when the mechanical laws of falling bodies, 
established by experiment, were shown mathematically and by obser- 
vation to hold throughout the solar system. 

But, to complete the proof of identity, it was necessary to demon- 
strate similarity in structure and composition as well as in motion, to 
prove that the familiar chemical elements, of which all earthly things 
are made, exist also in the substance of Sun, planets and stars. It may 
well have seemed a hopeless problem. Yet, in the middle of the 
nineteenth century, a solution was found. 

Newton had shown that the band of colours produced by passing 
the Sun’s rays through a glass prism was due to the decomposition of 
white light into physically simpler components. In 1802 Wollaston 
discovered that this luminous spectrum of sunlight was crossed by 
a number of dark lines, and, in 1814, Joseph Fraunhofer rediscovered 
these lines and, increasing the dispersion by using more than one 
prism, mapped them carefully. On the other hand, light from flames 
tinged with metals or salts was found, originally by Mclvil in 1752, 
to give spectra showing characteristic bright coloured lines on a dark 
ground, and in 1823 Sir John Herschel again suggested that these lines 
might be used as a test for the presence of the metals. This led to obser- 
vations in which the position of spectral lines was mapped and recorded. 

In 1849 Foucault examined the spectrum of the light from a voltaic 
arc between carbon poles, and noticed that a bright double line, 
between the yellow and the orange, coincides exactly with the dark 
double line called D by Fraunhofer. Foucault found that, when the 
sun’s light is passed through the arc, the line D appears darker than 
usual, and, when the light from one of the carbons, which of itself 
gives a continuous bright spectrum with no black lines, is passed 
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through the arc, the black D lines appear. “Thus”, says Foucault, 
“the arc presents us with a medium which emits the rays D on its own 
account, and which at the same time absorbs them when they come 
from another quarter.” 

The theory of Fraunhofer’s lines seems first to have been made plain 
by Sir George Gabriel Stokes (1819-1903) in his lectures at Cam- 
bridge, though with characteristic modesty he gave his ideas no wider 
publicity. Any mechanical system will absorb energy which falls on 
it in rhythmic unison with its own natural vibrations, just as a child’s 
swing is set in motion by giving it a series of small impulses which 
coincide with its natural period of oscillation. The molecules of the 
vapours in the outer envelope of the Sun will absorb the energy of 
those particular rays coming from the hotter interior, of which the 
oscillatory period coincides with their own. The light which passes 
on will be deprived of light of that particular frequency of vibration 
(i.e. colour), and a black line in the solar spectrum is the result. 

In 1 855 an American, David Alter, described the spectra of hydrogen 
and other gases. During the years 1 855 to 1 863 von Bunsen, in conjunc- 
tion with Roscoe, carried out a series of experiments on the chemical 
action of light, and in 1 859, working with Kirchhoff, he devised the first 
exact methods of spectrum analysis, whereby chemical elements could 
be detected by their spectra even if present only in minute quanti- 
ties. Two new elements, caesium and rubidium, were thus discovered. 

In ignorance of Foucault’s experiments, Bunsen and Kirchhoff 
passed the light from incandescent lime, which gives a continuous 
spectrum, through an alcohol flame into which common salt was put, 
and saw the D Fraunhofer lines. They repeated the experiment with 
lithium in the flame of a Bunsen gas burner, and obtained a dark line 
invisible in their solar spectrum. They concluded that sodium is 
present in the atmosphere of the Sun, and that lithium is absent, or 
present in quantities too small to be observed. 

Spectroscopic astronomy, thus initiated, was greatly developed by 
the labours of Huggins, Janssen and Lockyer. In 1878, the last named 
physicist, observing a dark line in the green of the spectrum of the 
Sun’s chromosphere not coincident with any known line in terrestrial 
spectra, predicted, jointly with Frankland, the existence of an element 
in the Sun to account for it, and called that element Helium. In 1895 
the element was found by Ramsay in the mineral cleveite.^ 

Doppler pointed out in 1842 that, when a source of waves and an 
observer are in relative motion, the frequency of the waves as observed 
* Chemical Society Trans. 1895, p. 1107. 
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Specirmn is altered. When the source is approaching, more waves reach the 

Analysis observer per second, and the pitch of the sound or the light is raised, 
while if the source is receding the pitch is lowered. This change is well 
shown in the flattening of the note of the whistle of an engine as an 
express train dashes through a station. If a star be approaching the 
Earth, its spectral lines will be displaced towards the violet, and if it 
be receding, then towards the red. The Doppler effect though small 
is measurable, and, in the hands of Huggins and later of many others, 
it has yielded an immense amount of knowledge of stellar motion, and 
recently of other phenomena. 

Meanwhile the identity in the physical nature of light and of radiant 
heat had been fully demonstrated. In 1800, Sir William Herschel had 
shown that a thermometer, placed in the solar spectrum, indicated 
heat effects which extended beyond the lowest visible red light. Soon 
afterwards Ritter found rays beyond the visible violet which would 
blacken nitrate of silver, the photographic action discovered by Scheelc 
in 1777. Between 1830 and 1840 Mclloni demonstrated that invisible 
radiant heat like light showed reflection, refraction, polarization and 
interference. The equivalence between emissive and absorptive powers 
was extended to radiant heat especially by Kirchhoff, Tyndall and 
Balfour Stewart; a black body, which absorbs all radiation, was found 
also to emit when hot complete radiation of all wave-lengths. Prevost, 
in his theory of exchanges (1792), pointed out that all bodies are 
radiating heat, though, when there is equilibrium, they receive as 
much as they give out. 

Maxwell showed theoretically that radiation should exert a pressure 
on a surface on which it falls, and the pressure, though exceedingly 
small, has been demonstrated experimentally in more recent years. 
In 1875 Bartoli pointed out that the existence of this pressure enables 
us to imagine that a space filled with radiation might act as the 
cylinder of a theoretical thermodynamic engine, and in 1884 Boltz- 
mann showed that it must follow that the full radiation of a black 
body increases as the fourth power of the absolute temperature, or 
R = aT^, a law which had been discovered empirically by Stefan in 
1879. This result is useful, not only in the theory of radiation, but also 
as a means of measuring the temperatures of furnaces, and even of the 
surfaces of the Sun and stars, by observation of the heat energy they 
give forth. As the temperature rises, not only does the total radiation 
increase in this manner, but the maximum energy emitted is displaced 
towards the shorter wave-lengths. 

Finally, definite relations between the frequencies of the different 
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Spectral lines of one element, relations which have become so 
important in the physics of the twentieth century, began to be noticed 
in the nineteenth. In particular, Balmer in 1885 showed that the four 
lines in the visible spectrum of hydrogen could be represented by an 
empirical formula. This formula was afterwards found by Huggins to 
express the frequencies of lines in the ultra violet, and also of lines in 
the spectra of nebulae and of the solar corona at a total eclipse, so 
that they are all probably due to hydrogen. Thus its presence was 
inferred in the nebulae and in the sun’s corona. 

As explained above, much of Faraday’s experimental work on 
electricity was inspired by his instinctive grasp of the importance of 
the dielectric or insulating medium. When a current deflects a mag- 
netic needle across space, or induces another current in an apparently 
unconnected circuit, we have either to imagine an unexplained “ action 
at a distance”, or to conceive the intervening space to be bridged with 
something through which the effect is transmitted. Faraday took the 
second point of view; he imagined lines of force or chains of particles 
in dielectric polarization”, and even pictured them, having left their 
source, travelling freely through space. 

Faraday’s ideas were put into mathematical form by James Clerk 
Maxwell (1831-1879), who pointed out that a change in Faraday’s 
dielectric polarization was equivalent to an electric current. Since 
an electric current produces a magnetic field, the magnetic force being 
at right angles to the current, and a change in a magnetic field produces 
an electromotive force, it is clear that magnetic and electric forces 
are reciprocally related. As a change in dielectric polarization spreads 
through the insulating medium, therefore, it travels as an electro- 
magnetic wave, the direction of the electric and magnetic forces being 
at right angles to each other in the plane of the advancing wave-front. 

Maxwell found differential equations which showed that the velocity 
of such waves depended, as is natural, only on the electric and magnetic 
properties of the medium, and was given by the expression 

v=il^Jnk, 

where is the magnetic permeability and A: the dielectric constant, 
or the specific inductive capacity, of the medium.^ 

* Using mathematical methods developed from those of Lagrange and Hamilton, 
Maxwell obtained for a non-conducting medium the equations 

kn^+V^F=o, k,.~+V^G=o, k^.^+V>H=o, 

which determine the propagation of a disturbance moving with a velocity v= i/VifiA, For 
an elementary treatment, see my Theory of Experimental Electricity. 
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Electric Since the electric force between two charges is inversely propor- 
Wam magnetic force between two poles is inversely 

proportional to /x, the electric and magnetic units which are defined 
in terms of those forces must involve k and /x. It can easily be shown 
that the ratio of the electrostatic to the electromagnetic value of any 
one unit, such for instance as the unit of quantity of electricity, in- 
volves the product of /x and k. Hence, by comparing experimentally 
two such units, the value of J7, the velocity of an electromagnetic wave, 
can be determined. 

Maxwell and several other physicists found that y, as thus measured, 
was about 3x10^® centimetres per second, practically the same as 
the velocity of light. Maxwell therefore concluded that light is an 
electromagnetic phenomenon, and that there is no need to invent 
more than one aether — the same aether will carry both light and 
electromagnetic waves, which are identical in kind though differing 
in wave-length. 

But what about the elastic solid aether, in the theory of which so 
much good work had been expended? Are we to regard -electro- 
magnetic waves as mechanical waves in a quasi-rigid solid, or are we 
to express light in terms of electricity and magnetism, the meaning 
of which is unknown? Maxwell’s discovery placed that dilemma 
before the world for the first time. Nevertheless he strengthened the 
general belief in the existence of a luminiferous aether. It was clear 
that it would perform electrical functions as well as carry light. 

Maxwell’s work, at once accepted in England, attracted less 
attention than it deserved on the Continent till, in 1887, Heinrich 
Hertz, using the oscillatory current given by the spark of an induction 
coil, produced and detected electric waves in space, showing experi- 
mentally that they possessed many of the properties of light. The 
aether, if there be an aether, is now crowded with “wireless waves”, 
a development due primarily to the work of Maxwell and Hertz. But 
those waves are certainly not carried “on the air”. 

Maxwell focused the attention of physicists on the insulating 
medium as the most important part of an electrified system. It 
became clear that the energy of an electric current passes through the 
medium, while the current itself is but the line of dissipation of that 
energy into heat, a line of which the chief function is to guide the 
flow of energy along the path where dissipation is possible. With very 
rapidly alternating currents, such as those in the spark of an induction 
coil or a flash of lightning, the energy can only sink a little way into the 
conductor before the flow is revejsed. Thus only the outer skin of a 
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conducting wire or lightning rod is effective in carrying these currents, 
and the electric resistance is much higher than it is for steady currents. 

The chief difficulty in accepting Maxwell’s theory was its failure 
to give a clear account of electric charges, or at all events of those 
discrete, atomic electric charges indicated by Faraday’s experiments 
on electrolysis. The conception of atomic charges became a problem 
of great importance soon after Maxwell’s death, and to its considera- 
tion we must now turn. But a digression is first necessary. 

The cause and mechanism of chemical action have been the sub- 
jects of speculation from early times, and occupied much of Newton’s 
attention. Definite measurements were made in 1 777 by C. F. Wenzel, 
who sought to estimate the chemical affinity of acids for metals by 
observing the velocity with which chemical change went on. He 
found that the rates of reaction were proportional to the concentra- 
tion of his acids, that is, to the active mass of the reagent, a result 
reached independently by Berthollet. 

In 1850 Wilhelmy examined the “inversion” of cane-sugar in 
presence of an acid, the process being the decomposition of the sucrose 
molecules into the simpler ones of dextrose and laevulose. He found 
that, as the concentration of the cane-sugar grew less while the re- 
action proceeded, the rate of change diminished proportionally in 
a geometrical progression with the time. This means that the number 
of molecules dissociating is proportional to the number present at any 
instant — a natural result, if we assume that the molecules of sugar 
dissociate independently of each other. Whenever this relation holds 
good for a chemical change we may infer that the molecules act 
singly, that the change is what is called a monomolecular reaction. 

On the other hand, if two molecules react with each other — a di- 
molecular process — the rate of change will obviously depend on the 
frequency with which collisions occur, a frequency proportional to 
the product of the concentration or active masses of the two reacting 
molecules. If the molecular concentrations are equivalent, this product 
will be equal to the square of the concentration. 

If the reaction be reversible, so that while two compounds AB and 
CD are reacting to form AD and CB, the two latter are also reacting 
to re-form AB and CD, equilibrium must be reached when the 
opposite changes are going on at equal rates, that is, when 

AB^CD^AD^CB. 
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This conception of a dynamical equilibrium was first clearly formu- 
lated in 1850 by A. W. Williamson. A full statement of the mass-law 
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of chemical action was given by Guldberg and Waage in 1864; it was 
rediscovered by Jellet in 1873 and again by Van’t Hoff in 1877. 
can be deduced not only as above from kinetic theory, but also by 
thermodynamic principles from the energy relations of a dilute system. 

It has been confirmed experimentally in many chemical reactions. 

As stated above, the inversion of cane-sugar goes on quickly in 
presence of an acid, and very much more slowly in its absence. The 
acid is unchanged, and seems merely to facilitate the action without 
taking part in it. This phenomenon was first discovered in 1812 by 
Kirchhoff, who found that starch could be converted into glucose in 
presence of dilute sulphuric acid. Humphry Davy observed that I' 
platinum induced the oxidation of alcohol vapour in air. Finely 
divided platinum was found by Dobereiner to bring about the com- 
bination of hydrogen and oxygen. In 1838 Cagniard de Latour, and 
independently Schwann, showed that the fermentation of sugar into 
alcohol and carbonic acid was due to the presence of a living organism, 
and Berzelius pointed out the analogy between fermentation and such 
inorganic reactions as those produced by platinum. Berzelius called 
such actions “ catalysis ” and to the agents producing them he assigned 
a “catalytic power”. He suggested that the enormous number of 
chemical compounds formed in living bodies from common raw 
material, plant juice or blood, may be produced by organic bodies 
analogous to these catalysts. In 1878 such organic catalysts were 
called by Kiihne “enzymes”. 

In 1862 Berthelot and Pean dc St Gillcs found that, when ethyl 
acetate and water are mixed in molecular proportions, after some 
weeks the ester ethyl acetate is partly hydrolysed, with the formation 
of ethyl alcohol and acetic acid at a steadily decreasing rate. Beginning 
with alcohol and acid, the reverse change went on, and the final pro- 
portions of equilibrium were the same. These reactions are very slow, 
but, in the presence of a mineral acid, the same equilibrium is reached 
in a few hours. Thus the acid acts as a catalyst; the function of a 
catalyst is seen to be to hasten a reaction in either direction. In a sense 
it plays the same part as a lubricant does in mechanical machinery. 

In 1887 the catalytic action of acids was co-ordinated by Arrhenius 
with their electrical conductivity. 

Similar phenomena occur in gases.. In 1880 Dixon found that the 
explosion of oxygen and hydrogen to form water-vapour will not occur 
if the gases are quite dry, as Mrs Fulhamc had observed in 1794; in 
1902 Brereton Baker showed that, when slow combination goes on 
and water is formed, no explosion follows. Armstrong suggested that 
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the water produced by the reaction itself is too pure to act as a catalyst. 
Other cases are known where pure chemical substances are ineffective, 
and the presence of complex mixtures seems necessary. The importance 
of organic catalysts or enzymes in biochemistry will be described in 
future chapters. 

In the closing years of the century new elements with inert chemical 
properties were discovered. The observation by the third Lord Ray- 
leigh in 1895 that nitrogen obtained from air has a density greater 
than that of nitrogen liberated from its compounds led him and Sir 
William Ramsay to the discovery of the inert gas which they named 
argon. ^ This was followed by the discovery of helium (p. 241), krypton, 
neon, and xenon — five hitherto unknown elements obtained from the 
air in four years. Argon is now used in incandescent “gas filled” 
electric lamps. Argon and neon are used for illuminated signs, and 
neon for lighthouses, owing to the penetrating power of its red light. 
Helium, obtained with other natural gases escaping from the earth 
in Canada and the United States, was used for filling the balloons of 
airships. These new elements form a group in Mendcleeff’s Periodic 
Table with zero valency, and fit in their right places in Moseley’s 
Tabic of atomic numbers which we shall consider below. The later 
work of Aston and others on atomic weights and isotopes makes these 
gases of even greater theoretical importance than before. 

The dissolution of substances in water and other liquids is a familiar 
phenomenon. Some liquids, e.g. alcohol and water, mix with each 
other in all proportions, while others, like water and oil, will never 
mix. Solids like sugar dissolve freely in water, while metals are 
insoluble; air and similar gases arc only slightly soluble, while ammonia 
and hydrogen chloride dissolve freely. 

Physical changes may accompany solution. The volume may 
become less than the sum of the volumes of the solute and the solvent, 
and heat may be absorbed or evolved. Most neutral salts give a 
cooling effect when dissolved in water, though a few, such as aluminium 
chloride, give out heat. Acids and alkalies also usually evolve heat. 

These reactions had been studied by many chemists, who recog- 
nized that they were of complex nature, involving both mixture and 
chemical combination, though the continuous variation in composi- 
tion, unlike the definite proportions of other chemical compounds, 
showed that special relations were involved. But till the nineteenth 

* Lord Rayleigh and (Sir) Wm. Ramsay, Phil. Tram. 1895. W. Travers, The Du- 
covery of the Rare Gases, London, 1928. 

2 W. C. Dampier Whetham, A Treatise on the Theory of Solution, Cambridge, 1902. 
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century the phenomena of solution were not regarded as a separate 
problem. 

The first systematic work on the diffusion of dissolved substances 
was done by Thomas Graham (1805-1869), whose experiments on 
the diffusion of gases have already been mentioned. Graham found 
that crystalline bodies, such as most salts, when dissolved in water 
pass freely through membranes and diffuse comparatively quickly 
from one part of the liquid to another. But substances like glue or 
gelatine, which form no crystals, diffuse very slowly when dissolved. 
Graham called the first class of bodies crystalloids, and the second 
colloids. It was thought at first that colloids were always organic 
substances, but many inorganic bodies, such as sulphide of arsenic, 
and even some metals like gold, can, by special treatment, be obtained 
in the colloidal state. 

The invention of Volta’s cell and the immediately resulting study 
of the electrical properties of solutions have already been described. 
In 1833 Faraday showed that the passage of a definite quantity of 
electricity through an electrolyte was always accompanied by an 
equally definite separation of ions at the electrodes. If wc regard the 
current as carried by the movement of ions, tliis means that every ion 
of the same chemical valency carries the same charge, so that the 
charge on a univalent ion is a natural unit or atom oi electricity. 

In 1859 Hittorf made another advance in the subject. A solution 
between insoluble electrodes is diluted unequally in the regions near 
the two electrodes by the passage of a current. Hittorf saw that this 
fact gave a means of comparing experimentally the velocities with 
which the opposite ions move, since that electrode from which the 
faster ion comes will lose more electrolyte. Thus the ratio of the 
opposite ionic velocities could be found. 

In 1879 Kohlrausch invented a satisfactory way of measuring the 
electric resistance of electrolytes. Owing to polarization, direct currents 
are inapplicable, but Kohlrausch overcame the difficulty by using 
alternating currents and spongy electrodes of large area, so as to reduce 
the surface density of any deposit. Instead of a galvanometer, he used 
as indicator a telephone, which is responsive to alternating currents. 
When polarization was thus eliminated, he found that electrolytes 
conformed to Ohm’s Law, i.e. that the current was proportional to 
the electromotive force. Hence the smallest force produces a corre- 
sponding current in the body of the electrolyte; there is no reverse 
force of polarization except at the electrodes. The ions must therefore 
have freedom of interchange, as already suggested by Clausius. 
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Kohlrausch thus measured the conductivity of electrolytes, and 
pointed out that, as the current is carried by opposite streams of ions, 
the conductivity must give a measure of the sum of the opposite ionic 
velocities. Combined with Hittorf’s determination of their ratio, this 
gave a means of calculating the velocities of the individual ions. 
Hydrogen moves through water with a velocity of about 0-003 centi- 
metre per second under a potential gradient of i volt per centimetre, 
while the ions of neutral salts range round about 0 0006 centimetre 
per second. The first of these numbers was confirmed experimentally 
by Sir Oliver Lodge, who traced the hydrogen ion as it moved through 
a jelly which was coloured by an indicator sensitive to hydrogen. The 
values for neutral ions were verified by the present writer, who 
watched their motion in coloured salts or by the formation of pre- 
cipitates. These methods have since been improved by Masson, Steele, 
Maclnnes and other investigators.^ 

Another view of solutions was disclosed by the Dutch physicist 
Van’t Hoff. It had long been known that pressures might be set up 
by the passage of water into vegetable cells through their containing 
membranes, and the botanist Pfeffer had measured tliis osmotic 
pressure, using artificial membranes deposited chemically in the walls 
of porous pots. Van’t Hoff' pointed out that Pfeifer’s measurements 
showed that osmotic pressure resembles gas pressure in its relations : 
it is inversely proportional to the volume, and increases with the 
absolute temperature. The reversible passage of water or other solvent 
through membranes impermeable to the solution, made it possible to 
imagine an osmotic cell to be the cylinder of a theoretically perfect 
engine, and thus Van’t Hoff was able to apply thermodynamic 
reasoning to solutions, opening a quite new field of research. He con- 
nected the osmotic pressure of a solution with other physical pro- 
perties, such as freezing-point and vapour pressure, so that, from a 
measurement of freezing-point, a comparatively easy operation, the 
osmotic pressure can be calculated. Van’t Hoff' proved theoretically 
that the absolute value of the osmotic pressure of a dilute solution 
must be the same as the pressure of a gas at the same concentration, 
and showed that experiment confirmed this result. It docs not follow, 
as some assumed, that the causes of the pressures are the same, or that 
the dissolved substance is in a gaseous state. Thermodynamic reasoning 
has nothing to say about mechanism; it discloses relations between 
connected quantities but nothing about the nature of the connection. 
Osmotic pressure may be due to impact like gas pressure; it may be 
* See A. J. Berry, loc, ciU, and Report of the Chemical Society, 1930, 
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Theory of cl^e to chcmical affinity or chemical combination between the solvent 
and solute. Whatever its nature, if it exist at all, it must conform to 
thermodynamic principles, and therefore, as Van’t Hoff proved, in 
dilute solution it must obey the gas laws. Its cause however remains 
undetermined, at all events by thermodynamics. 

In 1887 Arrhenius, a Swede, showed that osmotic pressure was 
connected with the electrical properties of solutions. The pressures of 
electrolytes were known to be abnormally great, a solution of potassium 
chloride or any similar binary salt, for example, having twice the 
osmotic pressure of a solution of sugar of the same molecular con- 
centration. Arrhenius found that this excess pressure was connected 
not only with electrolytic conductivity but also with chemical activity, 
such as the catalytic power of acids in facilitating the alcoholic 
fermentation of sugar. He concluded that it indicated a dissociation 
of the ions from each other, so that, for example, in a solution of 
potassium chloride, while there may exist some electrically neutral 
KCl molecules, there arc also potassium ions and chlorine ions 
carrying positive and negative electric charges respectively, and it is 
these ions which give the solution electrolytic conductivity and chemical 
activity. The more the solution is diluted, the more salt is dissociated, 
till, at great dilution, the liquid contains only K *" ions and Cl““ ions, 
which, separated from each other, arc thought by some to be combined 
with the solvent. 

The work of Kohlrausch, Van’t Hoff and Arrhenius has proved the 
starting point of a vast superstructure of physical chemistry, in which 
thermodynamics and electrical science have been combined in an 
ever-growing extension of theoretical knowledge and of practical 
industrial applications. Furthermore, it must not be overlooked that 
the theory of solutions gave the idea of an electrical ion to those great 
physicists who, investigating the conduction of electricity through 
gases, have built up the most characteristic part of modern science. 

The direct measurement of osmotic pressure, very difficult from 
the experimental point of view, was carried to high concentrations 
'*of solution by Morse and Whitney in America (1901) and by the 
Earl of Berkeley and E. G. J. Hartley in England during the years 
igoG-igiG.^ Morse and his colleagues used essentially the method of 
measurement introduced by Pfeffer, much improved in detail. Berkeley 
and Hartley, instead of observing the pressure set up in a semi- 
permeable cell by the inflow of the solvent, subjected the solution to 

* Phil. Tram. Royal Society, A, 1906, 20G, clc. Alexander Findlay, Osmotic Pressure, 
London, 1919. rf- 
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a gradually increasing pressure, till the solvent reversed its movement 
and was squeezed out. They compared their results with equations of 
the Van der Waals type (sec p. 232), and, for cane sugar and glucose, 
found the best concordance with an expression of the form 

Applying the chemical law of mass action (p. 245) to the dissocia- 
tion of electrolytes imagined by Arrhenius, Ostwald obtained a 
dilution law 


where a is the ionization, V the volume of solution, and A' a constant. 
This equation holds good for weak electrolytes, e.g. acids and sails 
dissociated only to a slight extent, when the expression reduces to 
a = VKAT, but it fails for highly dissociated electrolytes, and this failure 
was for long an obstacle in the acceptance of the ionizatiem theory. 

The difhculty has largely been overcome by more recent work. In 
the years 1923-1927, Debye, Hiickel and Onsager pointed out that, 
owing to inter-ionic forces, an ion will form an atmosphere of ions of 
opposite sign.^ When the ion moves, it has to build up a new atmo- 
sphere in front, while behind it the atmosphere will be dispersed. This 
action, and a retarding electrical drag, makes the reduction in 
mobility proportional to the square root of the concentration. A some- 
what complex equation was thus deduced, which, with allowances for 
possible ionic association, agrees approximately with the experimental 
relation between concentration and conductivity even in concentrated 
solutions of strong electrolytes. 

Whereas Arrhenius held that strong electrolytes were only partially 
dissociated, the more recent work indicates complete ionization, the 
diminution of relative conductivity in concentrated solutions being 
due to a decrease in ionic velocity. This view was also suggested when 
analysis by X-rays showed that, even in solid crystals, the atoms 
exist separately from each other (pp. 384, 427-8). 

' R. W. Gumey, /owjk in Solution, Cambridge, 1936. 
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The Significance of Biology — Organic Chcraislry — Physiology — Microbes and 
Bacteriology — The Carbon and Nitrogen Cycles — Physical Geography and 
Scientific Exploration — Geology — Natural History — Evolution before Darwin — 
Darwin — Evolution and Natural Selection — Anthropology. 

In the epoch of science which began with the Renaissance the greatest 
revolution in thought was that produced by the progress made in 
astronomy and physics. It so happened tliat when Copernicus de- 
throned the Earth from its proud position as the centre of the Universe, 
and Newton brought the phenomena of the heavens under the sway 
of the mechanical laws familiar in everyday life, many of the tacit 
assumptions on which a whole theory of Divine revelation had been 
built up were also undermined. A complete change of outlook was 
thus brought about, although many years passed before the full effects 
were realized. The current conceptions of the Earth as the centre of 
the Cosmos, and man as the unique object and meaning of creation 
held their place in popular beliefs long after the astronomical ideas 
with which it was thought they were connected had been abandoned 
by the instructed. 

In the great advance which marked the nineteenth century, it was 
not the vast development of physical knowledge, and still less the 
enormous superstructure of industry raised on that knowledge, which 
most effectually widened man’s mental horizon and led to one more 
revolution in his ways of thought. The point of real interest shifted 
from astronomy to geology, and from physics to biology and the 
phenomena of life. The hypothesis of natural selection, which first 
gave an acceptable basis , for the old idea of evolution, carried the 
human mind over the next long stage of its endless journey, with 
Darwin as the Newton of biology — the central figure of nineteenth- 
century thought. Natural selection may be unable alone to explain 
all the many facts which have since come to light, but the theory of 
evolution itself rests on a broad foundation which time has only 
strengthened. 

To trace the history and significance of evolutionary philosophy, 
it will be necessary to follow biological knowledge from the point 
where it was dropped in Chapter ,v. Among the sciences underlying 
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biology, physics and physical chemistry have already been passed in 
review, but organic chemistry, which first emerged as a definite 
separate science in the nineteenth century, remains to be considered. 

The chemistry of the complicated substances which are found in 
the bodies of plants and animals is chiefly the chemistry of that 
remarkable element carbon. The atoms of carbon possess the property 
of combining with each other, as well as with atoms of other elements, 
to form very complex molecules. We have seen how the old theory 
of a distinct vital principle survived in opposition to the equally 
old theory that in living bodies, as in the outside material world, 
mechanism would ultimately explain all happenings. It had long 
been thought that the complicated substances which arc characteristic 
of animal and vegetable tissues could only be formed by vital pro- 
cesses, and the belief in a spiritual interpretation of life was thought 
to stand or fall with this view. But in 1826 the artificial preparation 
of ethyl alcohol by Hcnnell, and in 1 828 of urea from cyanic acid and 
ammonia by Friedrich Wohler showed that substances hitherto only 
found in living matter could be made in the laboratory. Other artificial 
preparations followed, till in 1887 Emil Fischer succeeded in building 
up fructose (fruit-sugar) and glucose (grape-sugar) from their elements. 
For nearly two hundred years organic matter was analysed only by 
dry distillation, the results being recorded in weighed fractions — the 
gaseous part, the phlegma, the oil and the carbon residue.^ Never- 
theless, by the late eighteenth century many organic compounds were 
known, and Schecle had isolated several organic acids. 

The first fundamental problem of organic chemistry is the deter- 
mination of the elements present in a compound and its percentage 
composition. This is now done by burning the compound in the 
oxygen given off from oxide of copper and measuring the amounts of 
the products of combustion. The methods of analysis were invented 
chiefly by Lavoisier, Berzelius, Gay-Lussac and Thenard, and they 
were so far perfected by Justus Liebig that in 1830 the empirical 
composition of carbon compounds could be determined with fair 
accuracy. A surprising result was the discovery of isomerism — that 
certain compounds, quite different in chemical and physical pro- 
perties, had the same percentage composition; e.g. silver cyanate and 
silver fulminate, urea and ammonium cyanate, tartaric and racemic 
acids. Berzelius explained this phenomenon as being due to a different 
arrangement and connection between the atoms in the molecules of 

^ Sec for example Sir Edward Thorpe, of Chemistry , London, 1921. 

M. Nierenstein, Jsis, No. 60, 1934, p. 123. 
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the two isomeric compounds. A similar phenomenon was also found 
among the elements — Lavoisier proved the chemical identity of 
charcoal and the diamond. 

Berzelius’ idea was developed further when the conception of 
chemical valency was brought forward by Frankland (1852), by 
Couper and by Kekule (1858). Empirical formulae, e.g. C2H6O for 
common alcohol, grew into constitutional formulae, such as 


II H 

I I 

H— C--C— OH 

A k 

for the same body, in which the tetravalency of carbon, emphasized 
by Kekule, is indicated by its linkages to other atoms such as 
hydrogen, or to groups of atoms such as hydroxyl, OH. 

In 1865, in a paper on the aromatic compounds, Kekule extended 
these ideas to explain the constitution of benzene G^jHg, the simplest 
of such compounds. Instead of an open chain like the one given for 
ethyl alcohol, Kekule pointed out that the chemical properties and 
reactions of benzene could only be explained by joining the ends of 
the chain to form a closed ring as represented by the diagram 
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By imagining one or more of the hydrogens replaced by other atoms 
or by groups, the constitution of the more complex aromatic compounds 
can be expressed. 

In this way organic chemistry has been rationalized. The existence 
of new compounds, indicated by the theoretical possibilities of these 
structural formulae, has been predicted, while many of the compounds 
so predicted have been prepared and isolated. Thus, as far as organic 
compounds are concerned, the theory of structural formulae has 
enabled us to apply deductive methods to chemistry. 

In 1844 Mitscherlich, who had previously pointed out the relation 
between atomic constitution and crystalline form, drew attention to 
the fact that isomers of tartaric acid, though possessing the same 
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chemical reactions, the same percentage composition and the same 
constitutional formulae, had different optical properties. In 1848, 
Louis Pasteur (1822-1895), on recrystallizing racemates, noticed that 
two kinds of crystals were formed, related to each other as a right 
hand to a left hand or an object to its image in a mirror. When the 
two kinds of crystals were picked out, separated from each other and 
rcdissolvcd, one solution was found to rotate the plane of polarization 
of polarized light to the right and the other to the left. The first 
solution proved to contain a compound of ordinary tartaric acid, and 
the second a new salt, which, mixed with the first, gave a salt of 
racemic acid. The resolution of racemic acid and similar bodies can 
be brought about by the selective action of living bodies such as yeast. 
Indeed many products obtained from living substances are optically 
active, while, if made synthetically in the laboratory, they are inactive. 

In 1863 Wislicenus concluded from similar phenomena in the case 
of lactic acid that the two modifications must be due to different 


arrangements of the atoms in space. In 1874 

this idea was taken up independently by Le Bel 1 

and Van’t Hoff. They inferred that all optically 

active carbon compounds contained anunsym- / 1 

metrical atomic structure. Van’t Hoff pictured / j \\ 

the carbon atom C as occupying the centre of a / Cj^ \\ 

tetrahedron, at the angles of which four other / 

atoms or groups of atoms were placed (Fig. 8) . If 

the four arc all different, we get an asymmetrical 

structure, and two varieties are possible, Fig. 3. 

related to each other as arc the object and 

image in a mirror. Similar phenomena have been discovered with the 

compounds of elements other than carbon, especially nitrogen, by 

Le Bel, H. O. Jones, Pope, Kipping and others. 

In 1832 Liebig and Wohler pointed out that in many cases a com- 
plex group of atoms — a radicle, as it came to be called — held together 
as it passed by chemical reaction through a series of compounds, be- 
having in this respect like the atom of an element. F or instance the group 
OH, hydroxyl, is found not only in water, but in all caustic alkalies and 
again in alcohols, while countless complex radicles can be traced in, 
and are necessary to the processes of, organic and bio-chemistry. 

The idea of radicles led naturally to the theory of types, pro- 
pounded by Laurent and Dumas, and worked out by Williamson, 
Gerhardt and others from 1850 onwards. Compounds were classified 
according to their types, oxides, for example, being supposed to be 
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Organic built Up on the type of water, the hydrogen atoms being replaced, 
Chemistry wholly or in part, by other chemically equivalent atorfis or groups of 
atoms. These conceptions of radicles and types replaced Berzelius’ 
idea of electrical dualism. 

An enormous number of the organic substances which make up 
living matter were gradually isolated, and, during the second half of 
the century, many were synthesized from their elements. They came 
to be grouped as members or derivatives of one or other of three 
classes of compounds : 

(1) Proteins, containing the elements carbon, hydrogen, nitrogen, 
oxygen, with (in some cases) sulphur and phosphorus. 

(2) Fats, containing carbon, hydrogen and oxygen. 

(3) Carbohydrates, containing carbon, hydrogen and oxygen, the 
hydrogen and oxygen being present in the proportions in which they 
form water. 

Of the three classes, the proteins have the most complex chemical 
structure, based principally on nitrogen. They are easily broken down 
into a number of proximate constituents known as amino-acids, 
containing hydrogen and nitrogen in the group NH2 . Many of these 
acids were isolated and chemically examined during the nineteenth 
century. They are of varied structure, but all contain one or more 
acidic carboxyl (GOOH) radicles and one or more basic amino 
radicles, so that they possess the properties of both acids and bases. 
The different proteins found in various kinds of living tissue are made 
up of amino-acids combined in different proportions. 

In 1883 Curtius built up artificially a substance which gave a 
chemical reaction characteristic of protein products. At later dates 
Fischer investigated its structure and that of similar compounds. He 
devised several methods for combining amino-acids into complex 
bodies resembling the peptones which arc produced by the action of 
digestive ferments on proteins. These he called polypeptides. Thus, 
before the end of the century, progress was made towards determining 
the nature, and even towards the synthesis, of some constituents of 
living organisms, though proteins themselves are more complex. 
Physiology One of the earliest conceptions in nineteenth-century physiology 
was due to Bichat (1771-1802) — the idea that the life of the body is 
the outcome of the combined lives of the constituent tissues, the 
specific characters of which Bichat himself did much to determine. 
He held that there is in life a conflict between vital forces and those 
of physics and chemistry, which after death resume their undivided 
sway and destroy the body. 
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The localization of the functions of the brain had .already been Physiology 
suggested by isolated observations, such as that made in 1558 by 
Massa of Venice, who noted that injury to the parts behind the left 
eye interfered with the function of speech. Haller^ had traced the 
nerves to a common junction in the medulla cerebri, but, as late as 1 796, 
competent anatomists were still identifying the fluid in the ventricles 
of the brain with Galen’s “animal spirits” and the Aristotelian 
sensorium commune, or the “organ of the soul”. This theory was finally 
disproved by the dissections ofF. J. Gall (1758-1828), a physician who 
worked first at Vienna and then at Paris.^ Following up Massa’s 
observation, Gall demonstrated the real structure of the brain, and 
taught “that the grey matter was the active and essential instrument 
of the nervous system and the white matter the connecting links”. 

Gall was accused of materialism, and blamed for his insistence on the 
importance of heredity — an idea then repugnant to ecclesiastical 
views of moral responsibility. A greater trouble was his habit of mixing 
undoubted facts with much erroneous theory. This enabled his dis- 
missed assistant Spurzheini to degrade Gall’s work on localization by 
building on it the follies of “phrenology”, and produced an opinion 
that Gall too was but a sorry charlatan. Yet on th(^ solid parts of Gall’s 
laboiirs modern neurology is founded. 

The form of vitalism held by Bichat was modified by Majendie, 
another French physiologist, who considered that some phenomena 
of living bodies were due to an inexplicable vital principle. From 
1870 onwards, Majendie worked hard and successfully at many 
phenomena which he thought fit subjects for experimental investiga- 
tion. In reaction from the dominant theoretical views, he worshipped 
experiment, even blind experiment; indeed he seems to have been 
one of the very few experimentalists who adopted the Baconian 
method. He proved that, as divined by Sir Charles Bell, the anterior 
and posterior roots of spinal nerves have different functions— a funda- 
mental discovery in the physiology of the nervous system. Majendie 
also founded experimental pharmacology^ — the investigation of the 
effects of drugs — and proved that the main cause of the movement of 
blood in the veins is the pumping action of the heart. 

Descartes and his disciples held that a stimulus transmitted through 
nerve-fibres to the central system is converted automatically into an 
outgoing nervous impulse which excites the appropriate organ or 
muscle, so that the body of man is a machine. This view was taken by 

' See above, p. 187. 

2 Article by G. Elliot Smith, The Thnes, August 22nd, 1928. 
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Physiology ^the iatra-medical school, and evidence on the problem at issue was 
drawn from the work of Bell, of Majendie, and of Marshall Hall 
(1790-1857), who established the difference between volitional and 
unconscious reflex action. Many of the common acts of life, coughing, 
sneezing, walking, breathing, may be taken as reflexes, and other 
processes formerly thought to involve complex mental operations were 
referred in the later years of the nineteenth century to reflex action, 
especially by J. M. Charcot (1825-1893) and his pupils. In the 
twentieth century further evidence on these problems has accumulated. 

In Germany the most prominent physiologist in the early years of 
the nineteenth century was Johannes Muller, who collected all avail- 
able knowledge in his famous Outlines of Physiology, and did much work 
himself on nervous action. He made the fruitful discovery that the 
kind of sensation we experience does not depend on the mode of 
stimulation of the nerves, but on the nature of the sense-organ; for 
instance, light, pressure or mechanical irritation, acting on the optic 
nerve and the retina, all produce luminous sensations. This discovery 
gave a physiological basis for the philosophical belief, as old as the 
days of Galileo, that man’s unaided senses give him no real knowledge 
of the external world. 

Notwithstanding the success of this work, even those who were 
advancing physiology by means of physical and chemical experiments 
showed a tendency to think that much remained beyond the reach 
of these methods. And others, whose chief interests were in morphology, 
took a more thoroughly vitalist outlook. This was especially the case 
in France, where, in spite of Majendie’s experiments, the scientific 
atmosphere was more that of natural history than physiology, and the 
influence of the naturalist Cuvier was exerted in favour of vitalism. 

Majendie’s most famous disciple was Claude Bernard (1813-1878),^ 
who, equally skilful with his master in experiment, recognized also 
the need for thought and imagination in planning work to be done 
afterwards in the laboratory. Bernard’s work was mainly concerned 
with the action of the nervous system on nutrition and secretion ; it 
was carried out on the one hand by experimental investigation on 
nerves, and on the other by direct chemical research. It foreshadowed 
many of the results of the modern subject of biochemistry. 

In Muller’s book the chemical changes undergone by food in the 
stomach were treated as though they constituted the whole process 
of digestion. In 1 833 the American army surgeon Beaumont published 
many new facts about digestion observed in a patient with a gun-shot 

‘ Michael Foster, CMude Bernard, London, 1899. 
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wound which left a hole into his stomach. Bernard produced the Physiology 
same condition in animals, and showed that pancreatic juice dis- 
integrates the fats discharged by the stomach into the duodenum, 
decomposes them into fatty acids and glycerine, converts starch into 
sugar and dissolves nitrogenous matter or proteins. 

Dumas and Boussingault taught that there was a complete contrast 
in function between plants and animals. Plants absorb inorganic 
bodies and build them up into organic substances. Animals, essentially 
parasitic, live by breaking down these substances into inorganic, or at 
all events simpler, residues; they take organic food as it is given them, 
sometimes modify it, but, it was thought, can never build up fat, 
carbohydrate or protein. Bernard showed by experiments on dogs 
that the liver produced the carbohydrate dextrose from the blood by 
internal secretion under the control of the nerves. By later experi- 
ments he proved in 1857 that the liver when alive formed a starch- 
like substance named by him glycogen, which, by fermentation 
independent of life, gave rise to dextrose. Thus he threw light on 
diabetes, and showed that animals could build up some organic 
substances. 

Bernard’s third great discovery was the function of what are called 
vaso-motor nerves, which are put into motion involuntarily by sensory 
impulses and control the blood vessels. To this discovery he was led 
by an investigation of the ‘'animal heat” developed by the section of 
a nerve — heat which finally proved to be due to dilation of the blood 
vessels. “There is hardly a physiological discussion of any width”, 
says Foster, “in which we do not sooner or later come upon vaso- 
motor questions” which arose from one simple experiment of Bernard 
on a living animal, “an experiment which Bernard, had he lived in 
this country and in our day, might have been prevented from doing; 
his work . . . strangled at its very birth.” Indeed it is clear from history 
that essential parts of our knowledge of all the important organs and 
functions of the body, circulation, respiration, digestion, what you 
will — knowledge upon which the whole of modern physiology, of 
modern medicine and of modern surgery rest — were obtained by 
experiments on animals. Those who try to prevent all further advance 
in knowledge by this method take on themselves a terrible moral 
responsibility, which is in no wise lightened by ignorance of the facts 
or of the momentous issues involved. 

Investigation of the nervous system was carried further by E. H. and 
E. F. Weber, who discovered inhibiting actions such as the stoppage 
of the heart’s beat by the stimulation of the vagus nerve. 
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Physiolog)} Further knowledge pf respiration was acquired in 1 838 by Magnus, 
who showed that arterial and venous blood contain both oxygen and 
carbon dioxide, though in different proportions. He thought the 
gases were dissolved in blood, but in 1857 L. Meyer proved that some 
kind of loose chemical compound is formed. Bernard explained the 
poisonous action of carbon monoxide by showing that it irreversibly 
displaces oxygen from the haemoglobin in the red blood corpuscles, 
whereupon the haemoglobin becomes inert and can no longer carry 
oxygen to the tissues of the body. 

Harvey had put the science of observational embryology on a 
correct basis in his De Generatione Animalium in 1651, but the true 
originator of the modern development was Caspar Frederick Wolff 
(1733-1794), who was born in Berlin, and died at St Petersburg, to 
which place he had been summoned by the Empress Catherine. 
Wolff’s work was discredited and neglected during his lifetime, but 
in truth he foreshadowed all the modern theories of structure. He 
made a study of cells by means of the microscope, and showed the 
progressive formation and differentiation of the various organs in a 
germ originally homogeneous in character. 

This multiplication and differentiation of cells was shown by von 
Baer (1792-1876) to be a process common to all embryonic develop- 
ment, and it was recognized that growth proceeds on identical lines 
throughout the animal kingdom. In 1827 von Baer re-discovered the 
ovum of mammals, first seen by Cruickshank in 1797, thus over- 
throwing the theory that every egg contains the complete animal in 
miniature. He may be said to have created modern embryology.’ 
He criticized the theory of Meckel (1781-1833) that the history of the 
individual recapitulates the history of the species, and indeed the 
premature acceptance of this hypothesis made embryology towards 
the end of the century the favourite method of studying evolution. 
Men thought that it disclosed, in the history of each individual, facts 
which w^ere only otherwise to be discovered with infinite difficulty by 
an extensive comparative survey of the animal kingdom. 

The cell theory of living structure began in the seventeenth century .2 
Hooke saw “little boxes or cells” under the microscope, and he was 
followed by Leeuwenhoek, Malpighi, Grew and others. But the 
great development took place in the early part of the nineteenth 
century, when Mirbel, Dutrochet and their followers gradually put 

* E. Nordcnskiold, 7 'he History of Biolog)>, Eng. traris. London, 1929, p. 3G3; CL Sarlon, 
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the theory into a definite form, and traced the formation of vegetable Physiolog)? 
and animal tissues by the successive division of cells arising from 
nucleated embryos. The cell theory was the cumulative work of many 
investigators. 

Hugo von Mohl of Tubingen investigated the contents of cells, and 
called the plastic substance within the cell wall by the name of proto- 
plasm. Karl von Nageli found that this substance was nitrogenous. 

Max Schultz, collecting the facts, described the cell as a ‘‘mass of 
nucleated protoplasm”, and held that protoplasm was the physical 
basis of life. 

Rudolf Virchow (1821-1902) of Berlin, carried the cell theory into 
the study of diseased tissues, and thus opened a new chapter in 
medicine. In his book on Cellular-patholo^iiie (1858) he showed that 
morbid structures consist of cells derived from pre-existing cells. For 
instance, cancer depends on the pathological growth of cells, and, 
if a cure is ever found, it must be based on the control of cell activity. 

Simultaneously with the extension of chemistry to cover many vital 
changes, much advance was made in applying physical principles to 
the problems of physiology. Harvey explained the motion of the blood 
as that of a fluid pumped through the tubes of arteries eind veins by 
the mechanical action of the heart, a theory which gave a naturalistic 
turn to physiological enquiry. But, in the second half of the eighteenth 
century, the difficulty of the problem led to the almost universal 
adoption of the hypothesis of vitalism, the force hypermechanique of 
the French school, which retained its influence till the middle of 
the nineteenth century. Then the change of opinion, begun by the 
synthesis of organic compounds and by the physiological work we 
have described, was reinforced on the physical side by the use of 
physical apparatus in jjhysiology by Karl Ludwig, and by the work 
of Mayer and von Helmholtz, who suggested that the principle of the 
conservation of energy must apply to the living organism. 

This was accepted by many as so probable as to need no demon- 
stration, but it was only accurately proved experimentally many years 
later. Liebig, it is true, had taught that animal heat is not innate, but 
is the result of combustion. Quantitative proof, however, was only 
obtained when the heat-value of different kinds of food was measured 
by burning them in a calorimeter. In 1885 Rubner gave 4-1 calories^ 
per gram as the heat-value for proteins and carbohydrates, and 9'2 
for fats. In 1899 Atwater and Bryant published the results of more 

‘ This is the so-called “great calorie”, the heat which would raise one kilogramme of 
water one degree Centigrade. It is 1000 times the calqric used in physics. 



262 


NINETEENTH-CENTURY BIOLOGT 


Physiology extensive expcrimentsin America. Allowing for the part of the different 
foods not made available by digestion, |;hcy corrected Rubner’s figures 
to 4'0 for proteins and carbohydrates, and 8-9 for fats. The food 
needed each day for a man in heavy work had a fuel-value of 5500 
calories, while a man doing no muscular work needed food to the 
value of only 2450 calories. More recent work by T. B. Wood and 
others on farm animals has separated the maintenance ration, the 
food needed to keep the animal in a stationary state, from the 
additional food required for growth, milk-production, etc. 

To examine the question of the conservation of energy, it is necessary 
to measure the intake of energy in food and the output in muscular 
work, heat and excrement. Estimates of income and expenditure in 
dogs were given by Rubner in 1894, and the two quantities agreed 
within 0-47 per cent. Experiments on men were published by Atwater, 
Rosa and Benedict in 1901, and showed agreement within two parts 
in a thousand. If, as is probable, intellectual work or other uncounted 
activities use up energy, the amount must be small. 

This general accordance with the principle of the conservation of 
energy showed that the physical activities of the body c»ould be traced 
ultimately to the chemical and thermal energy of the food taken in. 
It was natural, if not strictly logical, to conclude that, as the total 
output of energy was in accordance with physical laws, the inter- 
mediate processes could also be described completely by those laws. 

The naturalistic standpoint was further strengthened not only by 
the establishment of the cellular theory by the work of many observers, 
but by other investigations including those into cell structure and cell 
function. The knowledge of physical phenomena associated with the 
solution of jelly-like substances or colloids, was rapidly applied to 
physiological problems, while the phenomena of nervous action were 
found to be accompanied by electrical changes. 

The type of idiocy known as cretinism was proved to be due to 
the failure of the thyroid gland, and in 1884 Schiff discovered that 
the effects of the removal of the thyroid gland from animals could be 
obviated if the animal were fed with an extract from the gland. This 
result was soon applied to mankind, and many children who would 
formerly have remained hopeless idiots for life have been converted 
into happy and intelligent beings. 

This elucidation by scientific methods of many bodily processes led 
in the middle of the century to an increase in mechanistic philosophy. 
The belief arose that physiology was but a special case of “ the physics 
of colloids and the chemistry of* the proteids”. Whatever be the 
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truth about the whole physiological problem, and the underlying 
psychological and metaphysical questions, it became clear that, for 
the progress of science, which deals with single parts or aspects of 
nature in isolation, it is necessary to assume that physiological pro- 
cesses in detail are comprehensible. If knowledge is to advance, those 
natural principles must be applied which have already been established, 
and, from the limited point of view of science, natural principles find 
their best ultimate statement in the fundamental concepts and laws 
of physics and chemistry. Whether these analytic methods and con- 
cepts are adequate to solve the synthetic problem of the animal 
organism as a whole, is another and much more profound question. 
And, to take the extreme case, in man the mind, according Lo one 
theory, may use the body as a musician plays on his instrument, even 
though the instrument is but a physical mechanism. 

In the third quarter of the nineteenth century, the study of catalytic 
actions, analogous to those found in inorganic chemistry, was ex- 
tended to large numbers of processes going on in living organisms. 
Organic catalysts or ferments had become of great importance in 
biochemistry by 1878, and, in that year, the special name of enzymes 
(eV in yeast) was given them by Kuhne, who did much to 
elucidate their action. The essential quality of a catalyst or enzyme is 
that it facilitates a reaction like oil in a machine, and so changes the 
rate, without itself entering as a constituent into the final substances 
in equilibrium. Enzymes arc often colloids, and carry electrical 
charges which may play a part in their action. Indeed, Arrhenius 
pointed out in 1887 that ions themselves may act as catalysts, as in 
the inversion of cane sugar. The influence of ions on colloid enzymes 
was investigated by Cole, Michaelis and Sorensen in 1 904 and onwards. 
Organic processes usually need specific enzymes. Some are present 
in such small quantities that they can only be detected by their 
appropriate reaction; others can be isolated and examined. Among 
the more important enzymes may be mentioned: amylase, which 
decomposes starch; pepsin, which decomposes proteins in an acid 
medium; trypsin, which decomposes proteins in an alkaline medium; 
lipase, which decomposes esters; and so on. Although in the living 
body the most obvious use of enzymes is to facilitate the breaking 
down of complex bodies into those more simple, their action is 
reversible. They increase the speed of a reaction in whichever direction 
it naturally goes. 

One of the most striking developments of nineteenth-century biology 
was the growth in knowledge of the origins and causes of microbic 
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Microbes and diseases in plants, in animals and in man. This knowledge, by in- 
Bacteriology creasing our direct control over our environment, has had, like other 
practical applications of science, a marked influence on our ideas of 
the relative positions of man and “nature”. About 1838 Cagniard de 
Latour and also Schwann discovered that the yeast present in fermen- 
tation consists of minute living vegetable cells, and that the chemical 
changes which take place in the fermenting liquor are due in some 
way to the action of the life of these cells. Schwann also perceived 
that putrefaction was a similar process, and showed that neither 
fermentation nor putrefaction would occur if precautions were taken 
to destroy by heat all existing living cells in contact with the sub- 
stance examined, and to preserve it thereeifter from contact with all air 
save that which had passed through red-hot tubes. Thus both fermen- 
tation and putrefaction were proved to be due to the action of living 
micro-organisms. 

These results were confirmed and extended about 1855 by Pasteur, 
who disproved every known case of supposed spontaneous generation 
by showing that the presence of bacteria could always be traced to the 
entrance of germs from outside, or to the growth of those already 
present. Pasteur demonstrated that certain diseases, such as anthrax, 
chicken-cholera and the silk-worm disease, were caused by specific 
microbes. At a later date the germs characteristic of other diseases, 
many of them prevalent among mankind, have been discovered and 
their life-history traced. 

In 1865 Lister heard of Pasteurs experiments, and by 1867 was 
applying the results to surgery. He first used carbolic acid (phenol) 
as an antiseptic; though later in cleanliness found an effective 
aseptic treatment. Lister’s application to surgery of Pasteur’s results, 
and the previous discovery of anaesthetics by Sir Humphry Davy, by 
W. T. G. Morton in Massachusetts and by Sir J. Y. Simpson in 
Edinburgh, made safe surgical operations hitherto quite impossible. 
The outcome of these dricoveries in hygiene, medicine and surgery 
is perhaps most clearly shown in the reduction of the annual death- 
rate of cities like London from about 80 per thousand two centuries 
ago to the 1928 figure of some 12 per thousand. 

In 1876 Koch found that the spores of the anthrax bacilli were more 
resistant than the bacilli themselves. The micro-organism which causes 
tuberculosis was discovered by Koch in 1882, and it was Koch who 
so developed the technique of bacteriology that it became an art as 
well as a science, essential in the problems of public health and 
preventive medicine. The specific micro-organism when isolated is 
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allowed to reproduce itself in a pure culture in gelatine or other 
medium. Its real pathogenic effects can then be determined on 
animals. 

It has been found that, in some cases at all events, it is the presence 
of a definite enzyme in the microbic cells, or its production by their 
activity, that causes the changes associated with their life. In 1897 
Buchner expressed from yeast cells their characteristic enzyme, and 
showed that it could cause the same fermentation that living yeast 
cells produce. As usual in such actions, the enzyme itself remains 
unchanged at the end of the operation; its mere presence is sufficient 
to start and hasten the chemical action. 

In 1718 Lady Mary Wortley Montagu introduced from Con- 
stantinople the practice of inoculation for small-pox. At the end of 
the eighteenth century, Benjamin Jesty acted on the common belief 
that dairy-maids who suffered from the milder cow-pox did not catch 
small-pox, and Edward jenner, a country doctor at Berkeley, ex- 
amined the subject scientifically and devised the method of vaccina- 
tion, by which inoculation with the virus, after its attenuation into 
cow-pox by transmission through a calf, causes partial or complete 
freedom from the severer form of the malady. From this discovery 
began our knowledge of immunity. Pathogenic organisms produce 
poisonous substances or toxins, discovered in putrefying matter in 
1876. By 1888 toxins had been obtained from bacteria by filtering 
them off from their fluid cultures. In the case of diphtheria, toxin so 
obtained from cultures of the bacteria is injected in gradually in- 
creasing doses into a horse, whose tissues manufacture an anti-toxin. 
Serum from such an immunized horse will protect human beings who 
have been exposed to infection, and assist in the recovery of those 
already suffering from diphtheria. In other cases, by sterilizing cultures 
of bacteria, vaccines have been prepared which confer partial or 
complete immunity from the disease produced by the bacteria when 
alive. In 1884 Metschnikoff discovered “phagocytes”, white blood 
corpuscles, able to deal with some offending bacteria. 

Jenner’ s principle of attenuation was extended to other diseases by 
Burdon-Sanderson, Pasteur and others. In the case of rabies or 
hydrophobia, Pasteur showed that inoculation was generally effectual 
even after infection. The mortality from this horrible and previously 
incurable disease was thus reduced to about one per cent, of the cases 
treated. No bacteria can here be seen in a microscope. The disease 
is caused by a virus much smaller than ordinary bacteria. 

The life-history of pathogenic micro-organisms is often very 
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complicated, and some of them pass certain stages of their career in 
different hosts. Only by most careful experiments, carried out by the 
inoculation of living animals, can their properties be investigated. 
The hosts themselves sometimes remain unaffected by the invading 
microbe, and this immunity makes it exceedingly difficult to forecast 
the direction in which the source of infection must be sought. The 
final conquest of malaria or ague is an excellent example of the 
difficulties and dangers which surround research in infectious disease.^ 
I'he malarial organism was discovered by Laver an, a French army 
surgeon, about 1880. Five years later Italian observers had shown 
that infection reached man from the bites of mosquitoes, and in the 
years 1894-1897, Manson and Ross proved that one special kind of 
mosquito [Anopheles] was infested by parasites that proved to be the 
organism in an early stage of development. Thus the correct method 
of attacking the ravages of malarial fever is to destroy the larvae of 
these insects by draining marshy land, and by covering with a thin 
coating of oil all pools of standing water which provide breeding-places . 

Similarly Maltese or Mediterranean fever has been traced to the 
action of a microbe which passes part of its life in goats, and is com- 
municated to man by means of the goats’ milk, though the animals 
themselves appear to be perfectly healthy. The discovery of the con- 
nection between bubonic plague, rats, and the fleas or other parasites 
which help to bring the infection from the rats to human beings, 
provides another instance of the indirect methods by which disease- 
germs may enter the body and, when their lilc-hisLory is known, can 
be fought with the best prospect of success. 

The first thorough study of an ultra-microscopic virus was made 
by Loffler and Frosch in 1893. They showed that the lymph from an 
animal suffering from foot-and-mouth disease, when passed through 
a filter which would stop ordinary bacteria, would still infect a 
number of other animals in series. They inferred that they had to deal 
with a reproducing micro-organism and not with an inanimate poison. 
It is still uncertain whether these ultra-microscopic, filterable viruses, 
which cause many diseases in animals and plants, are particulate 
bacteria. In any case, they must approach molecular dimensions, 
and it has been suggested that they may represent a new type of 
non-cellular living matter. 

Taking up again the problem of breathing, Lavoisier and Laplace 
proved that animal life involves an oxidation of carbon and hydrogen 
into carbon dioxide and water. In 1774 Priestley discovered that 
‘ Angdo Celli-Malaria, fitig. trans., London, 1901. 
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air “spoilt” by mice was made once more capable of supporting The Carbon 
life if green plants were left in it for some time. In 1780 Ingen- 
housz proved that this action of plants only goes on in sunlight. In 1 783 
Senebicr showed that the chemical change involved is the conversion 
of “fixed air” into “ dephlogisticated air”, that is of carbon dioxide 
into oxygen. In 1804 de Saussure investigated this process quanti- 
tatively. These results led to Liebig’s researches, and to his formula- 
tion of the general theory of the cyclical processes of change which 
carbon and nitrogen undergo as the bodies of plants and animals 
alternately grow and disintegrate. 

The active substance in the building up of plants is the pigment 
chlorophyll. Its chemical constitution and its chemical reactions in 
sunlight arc complex, and even yet not fully understood. But it has 
the power, essential for the existence of fife as we know it on the Earth, 
of using the energy of sunlight to decompose the carbon dioxide of the 
air, liberate the oxygen and combine the carbon in the complex 
organic molecules of plant tissues. In the absorption spectrum of 
chlorophyll, the maximum absorption is seen to coincide with the 
maximum energy in the solar spectrum — a remarkable adaptation, 
however produced, of means to ends. 

Some animals live on plants, some on each other, so that all are 
dependent on the energy of the Sun made available by chlorophyll. 

Animals in breathing oxidize carbon compounds into useful derivatives 
and others which arc excreted, wiiile the rest of the energy liberated 
by oxidation maintains bodily heat. Plants also slowly emit carbon 
dioxide, though in sunlight this change is masked by the reverse 
process. Both plants and animals give back to the air the carbon dioxide 
that plants have removed, while waste organic compounds arc de- 
posited in the ground. Here they are attacked by teeming multitudes 
of soil bacteria, by which they are broken down into innocuous 
inorganic bodies, while more carbon dioxide is poured into the air. 

Thus the carbon cycle is completed. 

The corresponding cycle for nitrogen is of more recent discovery. 

Although Vergil in his Georgies recommended the farmer to take a crop 
of beans, vetch or lupins before wheat, the reason for the recognized 
beneficial effect was only worked out in 1888 by Hellriegcl and 
Wilfarth.^ Nodules on the roots of these leguminous plants contain 
bacteria which arc able to fix nitrogen from the atmosphere, convert 
it by unknown chemical reactions into protein, and pass it on to the 
plant. Another process was traced in 1895 by Vinogradsky, who in 
^ Sir E. J. Russell, Soil Conditions and Plafit Growth, 4th ed. London, 1921. 
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The Carbon the soil found bacteria which obtain nitrogen directly from the air, 
necessary energy being probably obtained from the decomposing 
cellulose of dead plants. 

From both these sources plants may obtain nitrogen. Waste products 
containing nitrogen are converted in the soil, again chiefly by the 
help of appropriate bacteria, into ammonium salts, and finally into 
nitrates, the best source of nitrogen for plants to build up into proteins. 
Soil is a physical, chemical and biological complex, largely colloidal, 
which needs humus as well as mineral salts to maintain its balance. 

The importance of mineral salts in agriculture was demonstrated 
by Liebig, but he overlooked the supreme need for nitrogen. This was 
investigated in the middle of the century by Boussingault and by 
Gilbert and Lawes at Rothamsted ; their work was the foundation of 
the modern use of artificial manures. Of the elements necessary for 
plant life, those usually present in the smallest amounts are nitrogen, 
phosphorus and potassium. If one of these is present in insufficient 
quantities, it gives the limiting factor for the crop, which will only 
grow freely if more of the absent element is added in an available form. 
Minute quantities of other elements, such as boron, manganese and 
copper, are also necessary for plant life. 

The scientific study of manuring gave farmers much greater freedom 
in methods of cultivation. Old courses of rotation of crops and fallows 
could be modified considerably when fertility was maintained by re- 
storing the elements abstracted from the land in the growth of crojjs. 

Physical During the second half of the eighteenth and throughout the nine- 
Tscie^c century the work of systematic exploration of the world pro- 

Exploration cceded apace, and much of it was undertaken in a true scientific spirit. 

Trigonometrical sun^eys were begun in England in 1784, when the 
Ordnance Department measured a base-line on Hounslow Heath. 
Accurate maps, initiated by the French cartographer d’Anville, and 
good ocean charts were thus made possible. 

We note the work of Baron von Humboldt (1769-1859), a Prussian 
naturalist and traveller, who found his most congenial home in Paris, 
where he helped Gay-Lussac in his work on gases (p. 21 1). He spent 
five years exploring the continent of South America and the seas and 
islands of the Mexican Gulf, and it was on observations collected 
during this expedition that he based the claims of physical geography 
and meteorology to be considered as accurate sciences. Von Hum- 
boldt was the first to map the Earth’s surface in lines of average equal 
temperature — ^isothermal lines — by which he obtained a method of 
comparing the climates of different countries. He ascended Mount 
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Chimborazo and other peaks of the Andes in order to study the rate 
of decrease of temperature with increase in height above sea-level. 
He considered the origin of tropical storms and atmospheric dis- 
turbances ; he noticed the position of zones of volcanic activity, and 
suggested that they corresponded to cracks in the Earth’s crust; he 
investigated the distribution of plants and animals as affecled by 
physical conditions ; he studied the variations of intensity of the Earth’s 
magnetic force from the poles to the equator, and invented the term 
“magnetic storm” to describe a phenomenon which he was the first 
to record. 

The interest excited by von Humboldt’s labours and personality 
gave an impetus to scientific exploration among the nations of Europe. 
In 183 1 the Beagle was despatched by Great Britain on her memorable 
expedition “to complete the survey of Patagonia and Tierra del 
Fuego; to survey the shores of Chili, Peru and some islands in the 
Pacific; and to carry a chain of chronological measurements round 
the world ”. The expedition was declared to be “entirely for scientific 
purposes ’ ’ , and Charles Darwin sailed on board as official ‘ ' N atur ali st ’ ’ . 

A few years later (1839) J^^seph Hooker (1817-1911), son of the 
well-known botanist Sir W. J. Hooker, joined Sir James Ross in his 
ArUarctic expedition, and spent three years studying plant life. Later 
on he proceeded to the northern frontiers of India, on an expedi- 
tion which also was partly financed by the Government. In 1846 
T. H. Huxley left England as surgeon in the Rattlesnake^ and spent 
several years surveying and charting in Australian waters ; though his 
eager mind and keen powers of observation chafed at the lack of 
opportunity given for accurate scientific research of general interest. 
Thus three of the men who played a great part in revolutionizing the 
thought of the nineteenth century each served an apprenticeship on one 
of the scientifically planned voyages of exploration. The culminating 
point of organized discovery and research was reached in the expedi- 
tion of the Challenger, which was despatched in 1872, to cruise for 
several years in the waters of the Atlantic and Pacific, in order to make 
records dealing with every branch of oceanography, meteorology and 
natural history. 

Oceanography in particular became of importance. Maury of the 
United States Navy took up the problems of winds and currents as 
they were left a century and a half earlier by Dampier, and much 
improved the navigation of ocean routes. A study of the teeming life 
of the sea revealed countless forms, from the drifting microscopic 
matter, named plankton by Henson, and the protozoan and 
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radiolarian skeletons lying as ooze on the ocean floor, to the multitude 
of fish of all kinds and sizes, the ecology of which is partly dependent 
on plankton, since some fish follow its movements to use it as food. 

By his attempt to give a rational theory of the origin of the solar 
system, Laplace had directed men’s attention to the existence of the 
problem, and had quickened interest in the study of the Earth itself 
as a part of the solar system. It was unfortunate that t}ic countries in 
which freedom of thought had most prevailed against the claims of 
papal authority should also be those in which the tyranny of the 
theory of the verbal inspiration of the Bible was most firmly estab- 
lished. A new contest had therefore to be waged before any view of 
the Earth’s origin, other than that to be found in a literal interpreta- 
tion of the Book of Genesis, could win a general approval. Even in the 
middle years of the nineteenth century it was seriously contended 
that fossils, suggesting as they did another story, had been hidden in 
the ground by God (or perhaj)s the Devil) in order to test the faith 
of man. 

At a very early date some knowledge of rocks, metals and minerals 
had been acquired in the processes of mining. Leonardo da Vinci 
and Bernard Palissy had recognized in fossils the remains of animals 
and plants, as indeed had some of the Greek philosophers, but, in 
general, fossils were regarded as lusus naturae, the products of a 
mysterious vis plastica, or tendency in nature to produce certain 
favourite forms in various ways. The possibility of using them to help 
to trace the history of the Earth was only recognized by a few scattered 
observers like Niels Stensen (1669), whose ideas gained no general 
acceptance. The collection bequeathed by John Woodward (1665- 
1728), to the University of Cambridge, did much to establish the view 
that fossils were of animal and vegetable origin. In 1674 Perrault 
proved that the rainfall was more than enough to explain the flow of 
springs and rivers,^ and Guettard (1715-1786) pointed out how 
weathering changed the face of the earth. Nevertheless, the facts were 
still forced into conformity with Biblical cosmogonies involving cata- 
clysmic origins either by water or by fire, alternatives which led to 
a controversy between so-called Neptunists and Vulcanists. 

The first to contend systematically against these views was James 
Hutton (1726-1797), who published his Theory of the Earth in 1785. 
Once more a practical acquaintance with natural processes paved the 
way for scientific advance. Hutton, in order to improve the husbandry 
on his small paternal estate in Berwickshire, studied home farming in 

‘ F. D. Adams, Science, Lxvii, p. 500, 1^28, quoted in Isis, No. xm, p. 180, 1929. 
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Norfolk, and foreign methods of agriculture in Holland, Belgium and Geologj^ 
Northern France. For fourteen years he pondered over the familiar 
ditches, pits and river beds, and then, returning to Edinburgh, laid 
the foundations of the modern science of geology. Hutton recognized 
that the stratification of rocks and the embedding of fossils were 'pro- 
cesses which were still going on in sea, river and lake. “No powers”, 
said Hutton, “ are to be employed that arc not natural to the globe;, no 
action to be admitted except those of which we know the principle” — 
a true precept of science, which seeks to avoid all unnecessary 
hypotheses. 

Hutton’s “ uniformitarian theory” was not generally accepted till 
Werner had pointed out the regular succession of geological forma- 
tions; till William Smith had assigned relative ages to rocks by noting 
their fossilized contents; till Georges Cuvier had reconstructed extinct 
Mammalia from fossils and bones found in the neighbourhood of 
Paris; till Jean Baptiste dc Lamarck had made a classification and 
comparison of recent and fossil shells; and finally till Sir Charles Lyell 
had collected in his Principles of Geologp (1O30-1833) evidence showing 
how the Earth is still being moulded by water, volcanoes and earth- 
quakes, as well as all known facts about fossils. The cumulative effect 
of long-continued processes was then fully grasped for the first time; 
and men realized the possibility of tracing the history of the Earth, at 
any rate throughout its habitable ages, by means of the record of the 
rocks through inferences based on observation of natural operations 
that were still taking place. 

The ecology of fossil forms indicates profound changes in life at 
definite periods. This conforms with the geological evidence of glacia- 
tion showing ice ages, evidence first marshalled by Agassiz and 
Buckland about 1840. 

The problem of the origin and age of mankind is of special interest 
to the human race. The discovery of flint implements, still in use 
among primitive peoples, and of carved bone and ivory, lying in 
conjunction with the remains of animals now unknown, or extinct in 
Europe, enabled Lyell in 1863 to place man in position in the long 
series of organic types, and to show that his existence on the Earth 
must have extended over periods vastly greater than any contem- 
plated by the accepted Biblical chronology. It now seems probable 
that our ancestors emerged from a more primitive state, and in a very 
real sense became men, at a time somewhere between a million and 
ten million years ago, while civilization is only an affair of some five 
or six thousand years. 
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Natural After Buffon had produced his great Natural History of Animals, 
History another Frenchman took up the subject of classification and placed 
it on a sound and definite basis. Georges Cuvier (1769-1832) was the 
son of a Protestant officer who had migrated from the Jura district 
into the region of the Wtirtemberg protectorate. He spent the period 
of the early Revolution and the Reign of Terror studying peacefully 
in Normandy, and then returned to Paris, where he soon won a 
prominent position in the College de France. His great claim to dis- 
tinction lies in the fact that he was the first among naturalists to 
compare systematically the structure of existing animals with the 
remains of extinct fossils, and thus to demonstrate that the past, no 
less than the present, must be taken into account in any study of the 
development of living creatures. Cuvier stands on the threshold of 
the new age of scientific discovery, and his great book, Le Regne 
Animal, distribue d^apres son Organisation, forms a connecting link 
between the work of men who studied the world and its phenomena 
as a stationary problem and of those who were impelled to look upon 
it as a series of shifting scenes in the great drama of evolution. 

It was a misfortune that no close connection existed between men 
of science and the practical gardeners and farmers, who, by hybridiza- 
tion and selection, were producing new varieties of plants and animals 
or developing breeds already established. At the end of the eighteenth 
century, Bakcwcll improved the old longhorn type of cattle, and 
established a new and useful variety of the Leicester sheep. The 
brothers Colling applied BakewelPs methods to the shorthorns which 
existed in the valley of the Tecs and thus founded the most important 
breed of English stock. 

The spontaneous appearance of large variations was well known 
to horticulturists : 

An inferior variety of pear, for instance, may suddenly produce a shoot bearing 
fruit of superior quality; a bccch tree, without obvious cause, a shoot with finely 
divided foliage; or a camellia an unwontedly fine flower. When removed from the 
plant and treated as cuttings or grafts, such sports may be perpetuated. Many 
garden varieties of flowers and fruits have thus originated.* 

But most of the gardener’s new varieties were obtained by crossing 
individuals of different varieties or even species. In the latter case it 
was known that the hybrids are usually less fertile than pure-bred 
species, and are sometimes quite sterile. 

Evolution The idea of an evolutionary process in nature is at least as old as 
before Darwin Qf Greek philosophers. Heraclitus believed that all 

' Art. “Horticulture”, in Ency. Brit, gth ed. 1881. 
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things were in a state of flux. Empedocles taught that the develop- Evolution 
ment of life is a gradual process, and that imperfect forms are slowly MoreDarwm 
replaced by forms more perfect. By the time of Aristotle, speculation 
seems to have gone further, and to have conceived the idea that the 
more perfect type might have not only followed in time but also have 
been developed out of the less perfect. The atomists, who are often 
claimed as evolutionists, seem to have contemplated the emergence 
of each species de novo. But, in their belief that only those types 
survived which were fitted to their environment, they touched in 
spirit the essence of the theory of natural selection, though their basis 
of fact was insufficient. It has been truly observed that in science 
“being right is no excuse whatever for holding an opinion which has 
not been based on an adequate consideration of the facts involved in 
it”. As in so many other branches of knowledge, the Greek philo- 
sophers could do no more than formulate the problem and make 
speculative guesses at its solution. 

Indeed, it required two thousand years of time, and the labours of 
many quiet and unpliilosophic physiologists and naturalists, to collect 
enough observational and experimental evidence to make the idea of 
evolution worth the consideration of men of science. It is a good 
illustration of the true scientific attitude of suspension of judgment in 
the face of inconclusive data that naturalists, for the most part, left 
evolution to the philosophers, and that, till Darwin and Wallace 
published their simultaneous work, the balance of scientific opinion, 

^vhcn expressed at all, was against the theory. On the other hand, 
the philosophers also played their true part in maintaining specula- 
tion about a theory not yet ripe for scientific treatment. They kept 
open a question of paramount importance, and formulated solutions 
which, in due time, might serve as working hypotheses for the men 
of science with whom lay the ultimate decision. Hence it is* in the 
nature of the case that when, in the revival of learning, the idea of 
cvolutkin once more appears, it is to be found chiefly in the writings 
of philosophers — Bacon, Descartes, Leibniz and Kant. The scientists, 
meanwhile, were slowly working at facts which would eventually lead 
them in the same direction through Harvey’s embryology and Ray’s 
system of classification. Some philosophers even reached quite modern 
ideas in their conceptions of the present mutability of species and the 
possibility of its experimental examination, but it must not be over- 
looked that others, who are claimed as evolutionists ^forerunners of 
Darwin — took evolution in an ideal, not in a real, sense. Some 
of Goethe’s views seem to have been of this nature, as were those of 
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Evolution Schelling and Hegel. To them, the connection between species lay in 
before Darwin which represented them in the conceptual sphere. 

“The metamorphosis”, says Hegel, “can be ascribed only to the 
notion as such, because it alone is evolution ... it is a clumsy idea ... to 
regard the transformation from one natural form and sphere to a 
higher as an outward and actual production.” 

This ideal point of view docs not, however, destroy the usefulness 
of the philosophic contribution to evolutionary theory. It is most 
interesting and remarkable that the division of labour and the 
difference of outlook between philosophers and naturalists was con- 
tinued up to the last possible moment. Herbert Spencer, though a 
competent biologist, was primarily a philosopher. He was preaching 
a full-grown, concrete evolutionist doctrine in the years that im- 
mediately preceded the publication of Darwin’s Origin of Species, while 
as yet most of the naturalists would have none of it. Even the botanist 
Godron, who collected much evidence about variation, rejected the 
idea of evolution as lately as 1859, the year of the publication of 
Darwin’s work. Philosophers were right and naturalists were right; 
they were each following their true road. The philosophers were 
dealing with a philosophic problem, one not ripe for scientific exami- 
nation. The naturalists were exercising true scientific restraint in not 
taking, even as a working hypothesis, a speculation for which there 
was as yet available no convincing evidence, and no satisfying 
suggestion of a mode of operation. 

Nevertheless, even in the eighteenth century, and increasingly in 
the first half of the nineteenth, one naturalist after another ran 
counter to the prevailing consensus of scientific opinion, and upheld 
some form of evolutionary theory. Buffon, who oscillated between 
the orthodoxy of the Sorbonne and a belief in “renchainement des 
etres”; put forward a theory of the direct modification of animals by 
external conditions. Erasmus Darwin, poet, naturalist and philo- 
sopher, caught a glimpse of the revelation which was to be given in 
its fullness to his grandson, and taught that from “the metamorphoses 
of animals, as from the tadpole to the frog ... the changes produced 
by artificial cultivation, as in the breeds of horses, dogs and sheep, . . . 
the changes produced by conditions of climate and season,. . .the 
essential unity of plan in all warm-blooded animals, . . . we are led to 
conclude that they have been alike produced from a similar living 
filament”. 

The first connected and logical theory is that of Lamarck (i744" 
1829), who sought to determine the cause of evolution by a con- 
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sideration of the cumulative inheritance of modifications induced by 
the action of environment. While, pace Buffon, the effect of change in 
environment on the structure of the individual is often small, Lamarck 
held that, if the necessary changes in habits became constant and 
lasting, they would modify old organs, or, by the need for new organs, 
call them into being. Thus the ancestors of the giraffe acquired longer 
and longer necks by continually stretching for leaves on branches just 
beyond their reach, and the change of structure thus acquired was 
developed and intensified by inheritance. Though no direct evidence 
of such inheritance could be adduced, it gave a reasonable and con- 
sistent working hypothesis for other naturalists, such as Meckel, to 
use and elaborate. 

The attention drawn to the effect of environment on the individual, 
and the extent of the changes which may rightly be attributed to 
external circumstances, have probably had an enormous influence on 
thought and action. It is difficult to believe that, where the individual 
can sometimes be modified so profoundly, the species will remain 
unchanged. Hence, many of the social and philanthropic efforts of 
the nineteenth century were built up on a tacit assumption of the 
theory of modification through environment. Nevertheless, as years 
])assed, it became clear that the biological inheritance of acquired 
characters, if it occurred at all, was very difficult indeed to detect. 
Discussion on this subject is not closed even yet. 

1 wo more nineteenth-century evolutionists who maintained the 
direct action of environment on the individual were Ltienne Geoffrey 
Saint-Hilaire and Robert Chambers, whose anonymous book, Vestiges 
of Creation, had a great vogue, and helped to prepare men’s minds for 
Darwin. 

But the man to whom Darwin was solely indebted for the central 
idea of his work, the man who, by a curious chance, gave the same 
clue to Wallace also, was the Reverend Thomas Robert Malthus 
(17G6-1834), at one time curate of Albury in Surrey. Malthus, an 
able economist, lived at a time when the number of the English people 
was increasing rapidly. In 1798 he published the first edition of his 
Essay on Population. In it he proclaimed that the human race always 
tends to outrun its means of subsistence, and can only be kept within 
bounds by famine, pestilence or war, whereby the redundant indi- 
viduals are eliminated. In later editions of the book, he admitted the 
importance of the prudential check, which then acted chiefly in the post- 
ponement of marriage, and thus, so far as its application to mankind 
is concerned, weakened his main argument in its striking simplicity. 
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Darwin has himself recorded the effect of this work on his mind. 
“In October 1838’’, he says, “I happened to read for amusement 
Malthus on Population, and being well prepared to appreciate the 
struggle for existence which everywhere goes on from long continued 
observation of the habits of animals and plants, it at once struck me 
that under these circumstances favourable variations would tend to 
be preserved, and unfavourable ones to be destroyed. The result of 
this would be the formation of new species. Here then I had a theory 
by which to work.” 

The man to whom this flash of insight came was well fitted, both 
by heredity and environment, to make full use of it. Charles Robert 
Darwin (1809-1882) was the son of a remarkably able country 
doctor of ample means, Robert Waring Darwin of Shrewsbury. His 
grandfathers were Erasmus Darwin, who has already been mentioned, 
and Josiah Wedgwood, the potter of Etruria, who also was a man of 
scientific power and ingenuity. The Wedgwoods were Stafi'ordshire 
people, an old family of small landowners; the Darwins, of the same 
landed class, came from Lincolnshire. Charles Darwin was educated 
first at Edinburgh with a view to a medical career, and then at 
Christ’s College, Cambridge, with the intention of taking Holy Orders. 
He got his best training as a naturalist during the five years’ voyage 
of the Beagle in South American waters. In tropical and sub-tropical 
lands, teeming with life, Darwin received the impression of the inter- 
dependence of all living things, and within a year of his return he 
began to compile the first of many note-books on the facts bearing on 
the transmutation of species. Fifteen months later he read Malthus’ 
book, and found the clue which enabled him to frame a theory of the 
means whereby new species might develop. 

The individuals of a race difl'er from each other in innate qualities. 
Darwin offered no opinion about the cause of these variations, but 
accepted the fact of their existence. If the pressure of numbers or the 
competition for mates be great, any quality which is of use in the 
struggle for life or mate has “survival value”, and gives its possessor 
an advantage which carries with it an improved chance of prolonging 
life, or of securing a mate and of rearing successfully a preponderating 
number of offspring to inherit the favourable variation. That particular 
quality therefore tends to spread throughout the race by the pro- 
gressive elimination of those individuals who do not possess it. The 
race is modified, and a different and permanent variety may slowly 
be established. This was the new conception; and its importance in 
the history of thought was well put by Thomas Huxley, who, by his 
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power of exposition, skill in dialectic and courage in controversy, did 
more than any other man to compel general acceptance for the views 
of Darwin and Wallace. Huxley says: “The suggestion that new 
species may result from the selective action of external conditions upon 
the variations from the specific type which individuals present — and 
which we call 'spontaneous’ because we are ignorant of their causa- 
tion — is as wholly unknown to the historian of scientific ideas as it was 
to biological specialists before 1858. But that suggestion is the central 
ideaof the Origin of Species and contains the quintessence of Darwinism.” 

With this idea as a working hypothesis, Darwin spent twenty years 
collecting facts and making experiments. He read books of travel and 
treatises on sport, natural history, horticulture, and the breeding of 
domesticated animals. He carried out experiments on the crossing 
of tame pigeons ; he studied the transport of seeds, and the geological 
and geographical distribution of plants and animals. In the assimila- 
tion of facts, in appreciating their bearing on all the complicated 
questions which arose, and in marshalling them at the last, Darwin 
showed a supreme ability. His transparent honesty, love of truth, and 
calm, even balance of mind, form a model of the ideal naturalist. 
F crtilc in hypotheses as a guide to work, he never let a preconceived 
view blind him to facts. “I have steadily endeavoured”, he wrote, 
“to keep my mind free so as to give up any hypothesis, however much 
beloved (and I cannot resist forming one on every subject), as soon 
as facts arc shown to be opposed to it.” 

By 1844 Darwin had convinced himself that species are not im- 
mutable and that the main cause of their origin was natural selection, 
but he continued to work on year after year to gain yet surer evidence. 
In 1856 Lyell urged him to publish the results of his researches; 
Darwin, not satisfied with their completeness, delayed. On June i8th, 
1858, he received from Alfred Russel Wallace a paper written in 
Ternatc in the space of three days after reading Malthus’ book. In this 
paper Darwin at once recognized the essence of his own theory. 
Unwilling to seize the priority of twenty years, which, though rightly 
his own, might destroy the interest of Wallace’s contribution, Darwin 
l)laced himself in the hands of Lyell and Hooker, who arranged with the 
Linnaean Society to communicate on July ist, 1858, Wallace’s paper 
together with a letter from Darwin to Asa Gray dated 1857, and an 
abstract of his theory written in 1844. 

Darwin then set to work and wrote out in condensed form the 
results of his labours, and, on November 24th, 1859, his book was 
published under the name of The Origin of Species. 
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Evolution and We have already traced the various converging streams of evolu- 
Sekciim thought — cosmological, anatomical, geological and philo- 

sophical, which, blocked by the prejudice in favour of the fixity of 
species, were yet collecting deeper and deeper behind the dam, 
Darwin’s great torrent of evidence in favour of natural selection broke 
the barrier with irresistible force, and let loose the fertilizing flood 
over the whole realm of thought. Now that passing years have 
increased our knowledge of the facts, we can see that Darwin, and 
even more his disciples, like the Greek atomists before them, under- 
rated the complexity of the great problem of life. While the general 
process of evolution is now evident from the facts of morphology and 
palaeontology, the details of the origin of species have even yet not 
been worked out. Natural selection alone seems an inadequate ex- 
planation. But the spirit of greater caution, which has come with 
later years, docs not diminish the historical importance of Darwin’s 
principle. It may ultimately be proved insufficient: but, at the time, 
it was the necessary hypothesis. The idea of natural selection led to 
the acceptance of a thing greater than itself— the thcoiy of organic 
evolution. 

At first the effect seemed to many people to be devastating, to over- 
whelm the philosophic and religious landmarks of the human race. 
We ought not, however, to condemn without reflection this wide- 
spread attitude of mind. Now that the idea of evolution has become 
a familiar factor in our intellectual outlook, it is difficult to realize 
how revolutionary it seemed, and how few were competent to judge 
the value of the evidence for it when laid before the world. The 
evidence depended on the detailed examination of living creatures 
and fossil remains, and was unfamiliar and indeed for the most part 
unknown to those who felt compelled cither to deny the validity of 
the conclusions drawn, or to give up beliefs which had sustained long 
generations of their forefathers. Before we blame them, let us ask 
ourselves honestly whether, on the face of things, it is more obvious 
to believe in a common ancestor or in a separate act of creation for 
the frog and the peacock, the salmon and the humming-bird, the 
elephant and the mouse. Nevertheless the English love of country, 
with its plant and animal life, helped to give evolutionary ideas a fair 
hearing in a favourable atmosphere among those able to understand 
the evidence. 

But even to some naturalists the ideas were repugnant. Sir Richard 
Owen, the great anatomist, wrote^a strongly adverse criticism in the 
Edinburgh Review^ and many of his colleagues agreed with his opinion. 
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But Hooker gave in his adhesion to Darwin’s ideas at once, and he 
was immediately followed by Huxley, Asa Gray, Lubbock and 
W. B. Carpenter, while Lycll announced his conversion at the Royal 
Society dinner in the autumn of 1864. 

From the first, Huxley was the protagonist of this band of evolu- 
tionists — “Darwin’s bulldog”, as he called himself. With magnificent 
courage, ability, and clearness of exposition, lie bore the chief 
brunt of the attack made from many sides on Darwin’s book, and 
again and again led successful counter-attacks on his discomfited 
foes. 

Thomas Henry Huxley was born at Ealing in 1825, but he was 
descended from families located at Coventry and on the Welsh 
Marches, and he had the true fighting temperament of a border race. 
He tells us that, to the men of science of that generation, the publica- 
tion of the Origin of Specks had the effect as of a flash of lightning in 
the darkness. 

“We wanted”, hr writes, “not to pin our faith to that or any other speculation, 
but to get hold of clear and definite conceptions, which could be brought face to 
fa('c with farts and have their validity tested. The Origin provided us with the 
woikiiig hyiiothesis we sought. Moreover, it did the immense service of freeing us 
forever from the dilemma --Refuse to accept tlie Creation hypothesis, and what 
have you to propose that can be accepted by any cautious reasonei? In 1857 
I had no answer ready, and 1 do not think that anyone else had. A year later we 
reproached ourselves with dulncss for being perplexed with such an enquiry. My 
reflection when 1 first made myself master of iht; central idea of the Origin, was, 
‘How extremely slupid not to have thought of that!’” 

The famous clash between Bishop Wilberforce and Huxley at the 
Oxford meeting of the British Association in i860 has often been 
described.* Wilberforce had obtained a First-Class in the Oxford 
Mathematical Schools in his youth, and therefore, being regarded by 
his University as a master of all branches of natural knowledge, had 
been selected to uphold the cause of orthodoxy. The bishop, with no 
real understanding of the problem, endeavoured to kill the notion of 
evolution with ridicule, and was effectively answered in argument 
and severely rebuked for his ignorant interference by Huxley, while 
the embryological evidence for evolution was explained by Sir John 
Lubbock, afterwards Lord Avebury. 

When it was found that neither argument nor ridicule could prevent 
the spread of Darwin’s theory, his opponents took the usual step and 
denied its originality. But those best able to judge held a different 

' Life of Charles Darwin, vol. 11, p. 320; Leonard Huxley, Life and Letters of Thomas Henry 
Huxley, vol. T, p. i8o. 
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opinion. Two years after the Oxford meeting, Huxley wrote to Sir 
Charles Lycll : 

If Darwin is right about natural selection, the discovery of this vera causa sets him 
to my mind in a different region altogether from all his predecessors. I should no 
more call his doctrine a modification of Lamarck’s than I should call the New- 
tonian theory of the celestial motions a modification of the Ptolemaic system, 
Ptolemy imagined a mode of explaining those motions. Newton proved their 
necessity from the laws and a force demonstrably in operation. If he is only right, 
Darwin will, I think, take his place with such men as Harvey, and, even if he is 
wrong, his sobriety and accuracy of thought will put him on a diff erent level fr om 
Lamarck. 

Huxley indeed pointed out a defect in the evidence. The idea that 
species are due to a summation of variations ignores the fact that the 
products of crossing different though allied species are frequently in 
some degree sterile. If species have a common origin, it is difficult to 
see why this sterility should arise, and no clear case is known where 
a certainly sterile hybrid has been bred from fertile parents derived 
experimentally from a common origin. 

It is at the same point that the validity of the claim of natural selection as the 
main directing force was most questionable. The survival of the fittest was a 
plausible account of evolution in broad outline, but failed in application to specific 
differences. The Darwinian philosophy convinced us that every species must “make 
good” in nature if it is to survive, but no one could tell how the differences — often 
very sharply fixed — which wc recognise as specific, do in fact enable the species to 
make good.^ 

But although Huxley pointed out the difficulty no one then felt it 
to be serious. It was assumed that further work would clear it up, and 
its full weight only became apparent when, in the twentieth century, 
scientific breeding experiments were made on a large scale. When 
the first strangeness had been overcome, the biologists of the time 
accepted evolution and regarded natural selection as its true and 
sufficient cause. 

Though Virchow, most famous of continental ethnologists, did not 
accept Darwin’s theory, it was in Germany that the idea of evolution 
by means of natural selection and the survival of the fittest was seized 
upon with the greatest avidity. Haeckel and other naturalists, and 
in their train Teutonic philosophers and political theorists, joined to 
create that Darwinismus which made many of his followers more 
Darwinian than Darwin. 

Meanwhile Darwin’s own methods of observation and experiment 
on variation and heredity fell into abeyance. Men accepted natural 

‘ William Bateson, Address to the ^American Association^ Toronto, iQiia. 
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selection as the proved and adequate cause of evolution and of the 
origin of species. Darwinism ceased to be a tentative scientific theory 
and became a philosophy, almost a religion. Experimental biology 
turned to morphology and comparative embryology, developed 
specially by F. M. Balfour and O. Hertwig. The hypothesis that the 
development of the individual follows and illustrates the history of the 
race, suggested by Meckel and elaborated by Haeckel, endowed 
embryology with evolutionary meaning, and increased the neglect of 
the slower and more laborious methods of research. 

The naturalist, who studied systematic botany or zoology in the 
field, and the breeder of new plants and animals in the garden or on 
the farm, were extending their sound knowledge of species and 
varieties. To naturalist and breeder species remained distinct, and 
new varieties were produced not by insensible gradations but by 
sudden, often large, mutations which bred true from the first. But 
none of the laboratory morphologists consulted the practical men, or 
gave enough weight to their empirical knowledge. “The evolutionist 
of the ’eighties”, says Bateson, “was perfectly certain that species 
were a figment of the systematist’s mind, not worthy of enlightened 
attention.” But in the ’nineties, men trained in the laboratory, led 
on the Continent by de Vries and in this country by Bateson, returned 
to study variation and heredity. 

Darwin himself, while believing natural selection to be the main 
cause of evolution, did not exclude the Lamarckian idea of the 
inheritance of characters acquired by the long action of use or disuse. 
Contemporary evidence was not enough to settle the question. But 
towards the end of the century August Weismann began a new chapter 
in the subject. Weismann showed that a sharp distinction must be 
drawn between the body (or soma) and the germ cells which it 
contains. Somatic cells can only reproduce cells like themselves, but 
germ cells give rise not only to the germ cells of a new individual, but 
to all the countless types of cell in his body. Hence the units which 
make up a germ cell must be enough in number and in differences 
in kind and arrangement to provide for all the multitude of organisms 
which are found in nature. Germ cells descend from germ cells in 
a pure line of germ plasm, but somatic cells always trace their origin 
to germ cells. Thus the body of each individual is a comparatively 
unimportant by-product of his parents’ germ cells ; it dies, leaving 
no offspring. The main pedigree is that of the germ plasm, which 
shows an unbroken history from cell to cell. 

On this view, the products of the germ cells are very unlikely to be 
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Evolution and affected by changes impressed on the body. Such an influence would 
^Uctm resemble an effect on a man produced by changes in his uncle. The 
germ cells might be injured by the body containing them, but hardly 
modified in nature. Hence Weismann was led to examine critically 
the evidence for the inheritance of acquired characters, and, in every 
case, rejected it as inadequate. Since that time, observation and 
experiment have brought to light cases where long-continued changes 
in the environment have possibly produced some effect, but they 
seem to be exceptional, and are not accepted by all naturalists. 

When Weismann announced his results, there was some conster- 
nation. Biologists had come to rely on ‘'use and disuse” as explana- 
tions of unsolved riddles of adaptation. Evolutionary philosophers, 
especially Herbert Spencer, had put forward the inheritance of such 
acquired characters as the chief factor in racial development, while 
philanthropists, educationalists and politicians had tacitly assumed 
its truth as the underlying basis of social “progress”. Biologists soon 
came generally to accept the new ideas; but Herbert Spencer to the 
end of liis days engaged in active controversy with Weismann;^ and 
political reformers, even unto this present, have ignored principles so 
contrary to their presuppositions. Yet it is clear that the acceptance 
of the non-inheritance of acquired characters means that “nature” 
is more than “nurture”, heredity than environment. Improvement 
in the conditions of life can, and of course will, benefit the individual : 
it can do nothing, save by the indirect process of natural or artificial 
selection, to improve the inborn qualities of a race. 

The particular types of mechanism suggested by Weismann to 
explain inheritance were perhaps but ingenious speculations, but they 
served to direct the researches of many of his followers to an examina- 
tion of the exact processes by which germ cells arc formed and 
somatic cells developed from them. These new researches began 
during the nineteenth century, but the most striking results appeared 
later, and it will be more convenient to deal with the whole subject 
in Chapter ix. 

The end of the century also saw the beginning of another con- 
troversy which turned on new knowledge.^ The upholders of pure 
Darwinism such as Weismann came to regard natural selection as a 
cause all-sufficient to explain adaptation and through it evolution. 
Moreover, the variations on which natural selection worked were 


* G. C. Bourne, Herbert Spencer and Animal Evolution, Oxford, 1910. 

2 A. Weismann, The Evolution Theory^ Eni^ trans. J. A. and M. R. Thomson, London, 
1904; Beatrice Bateson, William Bateson^ Naturalist, Cambridge, 1928, p. 449. 
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assumed to be the small variations, which, for example, are found in a 
continuous scries in the stature of men. Among large enough numbers, 
it will be possible to find men of heights differing by only the hundredth 
part of an inch throughout a considerable range on each side of the 
mean. On such minute variations selection was supposed to work, 
and, given time, to produce new varieties and new species. 

But before the new century began, some naturalists, notably de 
Vries and Bateson, using the accumulated experience of breeders, 
fanciers and horticulturalists as a starting-point for experiment, had 
found these ideas contrary to fact. Large mutations often occur, 
especially after enjssing, and new varieties may be established at once. 
Then, in 1900, Mendel’s forgotten work was rediscovered, and a new 
chapter opened. It seemed that, even if the selection of small variations 
could not explain evolution, these new ideas might do so. How far 
this hope was realized will be discussed later. 

Of all the studies regenerated by Darwin, none derived more benefit 
than anthropology, the comparative study of mankind. Indeed, it is 
hardly too much to say that modern anthropology arose from the 
Origin of Species. Huxley’s classical study of human skulls was inspired 
by the Darwinian controversy, and was the beginning of that exact 
measurement of physical characters on which so much of the science 
now depends. The ideas of natural selection and evolution underlie 
all succeeding work. 

Yet the ground had been prepared for anthropology in other ways 
also. The same love of novelty, the same eager curiosity, the same 
acquisitive collector’s instinct, which introduced the plants and animals 
of other climes into European gardens and museums, brought back 
the artistic and industrial products of other people and the ceremonial 
objects of other religions, in all stages of development. 

When the anthropologists were ready to take the field, much ol the 
necessary material was at hand, already familiar, or partly classified, 
awaiting only the new gift of reinterpretation to open u]) another aspect 
of its inward meaning. 

In the Origin of Species Darwin did not consider mankind in detail, 
though he pointed out that his conclusions with regard to species in 
general had an obvious bearing on the problem. In 1863, after an 
exhaustive examination of the anatomical evidence, Huxley stated 
that man in body and brain differed from some apes less than apes 
differed among themselves.^ He therefore returned to the Linnacan 
classification and placed man as the first Family in the Order of 

• T. H. Huxley, Man's Place in Nature, London, 1863. 
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Anthropology Primates. Psychologically the gulf between man and ape is greater, 
but the vertebrate animals show mental processes corresponding to 
the human ones, though of less power and complexity. This was 
brought out by Brehm in his Thierleben, and by Darwin in his later 
works. ^ Wallace, on the other hand, still held that man was to be 
placed apart, “as not only the head and culminating point of the 
grand series of organic nature, but as in some degree a new and 
distinct order of being ”.2 

Mankind has been divided into varieties or races chiefly by physical 
characters, though the idea of a correlation between physical char- 
acters and mental traits has been upheld. The colour of the skin has 
always been used to separate the white, yellow, brown and black 
races, and it is clear that other characters are linked with colour to 
give a real racial distinction between these four kinds of men, though 
subdivisions are necessary. Next in importance to colour comes the 
shape of the skull, which is generally specified l)y the method due to 
Retsius. Looking at the skull from above, the longer diameter from 
front to back is taken as 100. On this scale, the length of the shorter 
or cross diameter gives what is called the cephalic index. If it is less 
than 80, the skull is classed as long, and if more than 80, it is called 
broad. 

As an example of these methods and their results, we may take the 
analysis of the population of Europe.^ Considered physically, European 
people differ chiefly in three characteristics : stature, coloration and 
skull shape. On the average of large numbers, as we move northwards 
until we approach the Baltic region, the stature becomes greater and 
the colouring fairer, while the farther south we go, the shorter and 
darker becomes the population. In the intermediate Alpine region, 
stature and colouring are intermediate also. But the shape of the 
head tells a different talc. While both northern and southern folk are 
long-skulled, with a cephalic index of 75 to 79, the round-headed 
people of the hills have broader skulls with an index of 85 to 89. 

To explain these facts it is assumed that in Europe there arc three 
primary races : the first is a tall, fair. Northern race, found in its 
greatest purity round the shores of the Baltic. Secondly, there is a 
short, dark. Southern race living about the Mediterranean coasts and 
up the Atlantic seaboard. Both of these races have long skulls. But 
lying between them geographically is a broad-headed Alpine race, 

* Charles Darwin, The Descent of Alan; The Expression of the Emotions in Man and Other 
Animals, 

^ A. R. Wallace, Natural Selection, p. 324.^ 

3 W. Z. Ripley, The Races of Europe, Boston and London, 1899, 
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intermediate in colour and stature, inhabiting the mountainous regions Anthropology 
of Central Europe. From one aspect, the history of Europe is the 
history of the interaction and migration of these three races. ^ Similar 
methods of investigation, using other characters such as the texture 
of the hair, have been applied to the physical anthropology of other 
continents, where more primitive folk arc to be found. 

Since Lyell described what was left of man in the geological record, 
many discoveries have been made, whereby different races have been 
distinguished in remote prehistoric times. Much was done in the 
nineteenth century. It was shown that tens of thousands of years ago 
the cave-men were decorating their walls with spirited likenesses of 
the bison and the wild boar. At Neanderthal in 1856, and at Spy in 
1886, still older remains came to light, showing the existence of more 
primitive types of man; and in 1893 Dubois discovered, in the late 
Pliocene deposits in Java, bones which most authorities hold to be 
those of a being intermediate in structure between the anthropoid 
apes and the earliest known forms of man. 

Man cannot be descended from any species of ape now existing. 

But, if not a lineal descendant, he is at least a distant cousin. More 
variable forms may have preceded all those now extant and have been 
their common ancestors. It is certain that the process has been more 
complicated than was thought at first. The separate shoots that rise 
above the visible plain of history spring from a complex root system 
buried deeply in the ground of the irrecoverable past. 

The application of statistical methods to anthropology may be said 
to have begun with the study of the Bills of Mortality by Sir William 
Petty and John Graunt in the seventeenth century, and was revived 
by the Belgian astronomer L. A. J. Quetelet (1796-1874). In 1835 
and later years Qiietclet showed that the theory of probability could 
be applied to human problems. ^ He found that the chest measure- 
ments of Scottish soldiers or the height of French conscripts varied 
round the average according to the same laws as are seen in the dis- 
tribution of bullets round the centre of a target or in the runs of luck at 
a gaming table. Expressed graphically, as in Fig. 9, the measurements 
give a curve of variation which, except that it is almost symmetrical 
on both sides, resembles that giving the velocities of molecules in a gas 
(p. 230). 

In 1869 Darwin’s cousin Francis Gallon applied' the ideas of 


’ A. C. Haddon, The Wanderings of Peoples ^ Cambridge, 1911. 

= Sur V Homme et le Dmloppement de ses Facultes, 1835. Physique Sociale, 1869. Anthropomitrie , 
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Anthropology heredity which appear in The Origin of Species to the inheritance of 
mental qualities in mankind.' He proved by tracing the distribution 
of marks among the candidates in an examination that the same laws 
hold as for physical qualities or molecular velocities, Most men have 
mediocre intellectual powers, amd, as we pass towards genius on the 
one hand or idiocy on the other, the numbers fall off in the familiar way. 

A Senior Wrangler obtained on the average about thirty times the 
number of marks of the lowest honours man, which, in turn, might 
have exceeded those of the pass men, had they entered for the same 
examination. Owing to the limits of time allowed, these numbers 



underestimate the differences in intellect, which arc clearly enormous. 
Gabon restricted the word “eminent” to those qualities which only 
appear in about 250 men in a million, and the word “illustrious” 
to those appearing in only one in a million or more. At the other 
end of the scale 250 in a million includes the hopeless idiots and 
imbeciles, who depart from the normal one way as much as the 
eminent do in the other. By studying books of reference, Gabon found 
that eminent men have in the aggregate a far larger number of 
eminent relatives than have an equal number of men taken at random 
from the population. For instance, he reckoned that the chance of the 
son of a judge showing great ability was five hundred times as great 
as that of a man taken at random. If it be objected that judges have 
greater opportunities than most men of helping their sons, it may be 
replied that Gabon’s figures show it to be nearly as likely that a judge 
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will have an able father as an able son, and even judges have small Anthropology 
opportunity of educating or advancing their fathers. By such argu- 
ments, Galton fairly met the criticisms made on his work. Little stress 
can be laid on his exact figures, but the broad results are clear and 
unmistakable. While prediction cannot be made about individuals, 
on the average of large numbers the inheritance of ability is certain; 
the differences of innate ability are enormous; and the idea that all 
men are born equal, if it means equal in faculties, is demonstrably 
false. 

Darwin’s theory of natural selection led to the recognition that 
any change in the legal, social or economic environment must favour 
some strains in a mixed population more than others, and thus modify 
the average biological quality of the people. Galton had doubts from 
the first about the inheritance of acquired characters, and, when 
Weismann’s work showed that there was no evidence in its favour that 
would stand critical examination. Gallon’s principles were strengthened 
immensely. It became clear that the influence of environment had 
been greatly overestimated, that education can but bring into pro- 
minence characters already in being, and that the biological qualities 
of a race can only be improved by favouring the better strains. The 
reason why breeding is all-important became manifest. 

Biological inheritance must, of course, be sharply distinguished 
from the cultural inheritance which one generation hands on to the 
next by speech or writing, thus helping to fix national characteristics. 

But this meaning of inheritance is well recognized; the effect of 
biological inheritance is often overlooked. ^ 
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General Tendencies of Scientific Thought — Matter and Force — The Theory of 
Energy — Psychology — Biology and Materialism — Science and Sociology — Evolu- 
tion and Religion — Evolution and Philosophy. 

In the seventeenth and eighteenth centuries the influence of that 
nationalism which replaced the ecclesiastical universalism of the 
Middle Ages began to be apparent. Science, indeed thought in 
general, acquired strongly marked national characters and was accom- 
panied by an intellectual separation between the nations, while the 
several vernacular languages of Europe superseded Latin as the vehicle 
for scientific writing. Journeys of intellectual discovery, such as those 
of Voltaire to England in 1 726, of Adam Smith to France in 1 765, and 
of Wordsworth and Coleridge to Germany in 1798, had to be under- 
taken before the Newtonian astronomy, the economics of the “physio- 
crats”, or the philosophy of Kant and Schelling could become known 
in countries other than those of their authors.' 

In the early years of the nineteenth century the scientific ‘centre of 
the world was Paris. In 1793 the Revolutionary Government had 
guillotined Lavoisier, Bailly and Cousin, driven Condorcet to suicide, 
and suspended the Academic des Sciences. But it soon found that it had 
to appeal for help to the former members of that Society : “everything 
was wanting for the defence of the country”, .science became a 
necessity to society at large, and in 1795 the Academic was reopened 
as part of the Inslitut. The mathematics of Laplace, Lagrange and 
Mongc, the new chemistry initiated by Lavoisier, and the geometrical 
crystallography created by the Abbe Hauy, united to form a brilliant 
constellation of physical sciences. 

The theory of probability, founded by Pascal and Fermat in the 
seventeenth century, was developed into a system by Laplace, and 
applied not only to estimate the errors of physical measurement but 
also to rationalize such human affairs as insurance and the statistics 
of the problems of government and administration where large numbers 
are involved . Cuvier carried exact research into comparative anatomy, 

' J. T. Merz, Htstory of European Thought iif 'the Nineteenth Century, 4 vols. Edinburgh and 
London, i89()'i9i4, vol. i, p. 16. 
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and, in his position as permanent secretary of the Academie des Sciences, 
did much to keep the scientific spirit up to a high standard in all subjects . 

During the eighteenth century it was in France alone that science 
permeated literature; ‘‘no other country has a Fontcnelle, a Voltaire, 
a Bufton”; and in the early nineteenth century this connection 
between science and literature was maintained on a lofty and dignified 
plane, largely owing to the constitution of the Academie as ])art of the 
Institut. 

If the home of French science is to be found in the Academie, that of 
German lay in the Universities. But long after the methods of exact 
science were being used in Paris, the German Universities, while 
eminent in classical and philosophic studies, were teaching a hybrid 
Maturphilo Sophie, which deduced its conclusions from doubtful philo- 
so])hic theories, instead of obtaining them by the paticuit study of 
natural phenomena. About 1830 this influence died away, partly 
owing to the mathematics of Gauss and to the chemical work of Liebig, 
who, (rained at Paris under Gay-Lussac, had opened a laboratory at 
Giessen in 1826. From then till 1914, the systematic organization of 
research was carried further in Germany than in any other country, 
and German compciuliums and analyses of the world’s work were 
pre-eminent. Moreover the wider meaning of the word Wusenschaft, 
which includes all systematic knowledge, whether in what we should 
call science or in philology, history and philosophy, has doru' much to 
keep all these subjects in touch with each other and to give them all 
a correspondingly wider outlook. 

Perhaps the most striking peculiarity of English science has been 
its individualist spirit — the frequency with which work of brilliant 
genius has been done by those with no academic position, such men as 
Robert Boyle, Henry Cavendish and Charles Darwin. In the first half 
oi’thc nineteenth century, Oxford and Cambridge, unrivalled as places 
of‘ liberal education, were not yet awake to the continental spirit of 
research. Complaints were frequent that the state of science was low 
in England,^ and it needed the stimulus of an undergraduate society, 
formed by Babbage, Herschcl and Peacock, to introduce continental 
mathematics, largely developed though they were from those of 
Newton, into the University of Cambridge. 

But, in the middle of the century, Oxford and Cambridge were 
reformed, and rapidly became as efficient in modern studies as in the 
graceful activities which they had inherited from earlier times. 

’ See, for example, Edinburgh Review, vol. xxvii, 1816, p. 98, and C, Babbage, Decline of 
the State of Science in England, 1830. 
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Mathematical physics, first of the sciences, found once more a congenial 
home in Cambridge, and later, under the inspiration of Clerk Maxwell, 
Lord Rayleigh, J. J. Thomson and Rutherford, the world-famous 
experimental school of the Cavendish Laboratory grew up. The 
biological subjects followed, under the leadership of Michael Foster, 
Langley and Bateson, and Cambridge took its place as the great home 
of science we know to-day. 

Thus, during the second half of the nineteenth century, the 
intellectual isolation of the nations of Europe, which had lasted 
through the first half, was again broken down. Facilities of transport 
increased personal intercourse, scientific periodicals and the pro- 
ceedings of learned societies brought new results to the cognizance of 
all those interested, and science became once more international. 

On the other hand, the different departments of knowledge became 
more specialized, and, as national barriers were overthrown, depart- 
mental isolation increased. At the beginning of the nineteenth century 
it was still possible for German Universities to have courses of lectures 
on Encyclopddie, under the impression that unity and completeness 
of knowledge could be found in one and the same arrangement of 
study. ^ Philosophy, under the influence of Kant, Fichte and Schleier- 
macher, still took into account all branches of knowledge, and in its 
turn still permeated scientific thought. 

How science and philosophy for a time lost touch with each other 
will be described later. The process was doubtless hastened by the 
simultaneous segregation of science into sciences. The growth of know- 
ledge went on so fast that no man could keep track of it all. Mean- 
while laboratories, which hitherto had been the private rooms of 
individual “natural philosophers”, were built and endowed by or for 
Universities, and brought the experimental method of study not only 
to those who were advancing knowledge by research, but also to the 
more elementary student. The opportunities thus provided for the 
more thorough study of each subject left less time for general surveys, 
and men of science tended not to see their wood for its trees. In recent 
years inter-connections between the different sciences are becoming 
more and more apparent, while mathematics and physics are pointing 
the way to a new philosophy. But, speaking generally, the fissiparous 
tendencies lasted till the end of the nineteenth century, save for a few 
broad generalizations, such as the principle of the conservation of 
energy, which was seen to hold good in physics, chemistry and 
biology alike. 


' Merz, loc. cit. vol. i, p. 37. 
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111 attempting to trace the effect produced on other subjects, and 
especially on philosophic thought, by the growth of science during the 
nineteenth century, it must not be forgotten that, as already pointed 
out, the effect during this period of the advance in mathematics and 
physics was much less than it had been in the sixteenth, seventeenth 
and eighteenth centuries. The volume of mathematical and physical 
research was far greater, and the change in scientific outlook which 
took place between the years 1800 and 1900 was enormous, yet, from 
the point of view of philosophy, no such revolutionary physical dis- 
coveries were made in that century as those of Copernicus and Newton, 
which altered so profoundly man’s idea of the position and importance 
in the Universe of his world and himself In the nineteenth century 
a like revolutionary result came from biology, when physiology and 
psychology examined the relations of mind and matter, and again 
when the theory of evolution was established by Darwin on the basis 
of natural selection. 

During the Renaissance and the Newtonian Epoch, we have seen 
the links between science and philosophy gradually loosened by the 
action of men of science in devising a new method of induction and 
experiment proper to the study of nature. Yet the philosophers tried 
to maintain a de jure suzerainty over the whole field of knowledge, 
even though de facto the sovereignty over a large part of it had passed 
from them. Till the days of Kant they still framed their systems to 
include the results of physical science. 

But we now come to a time when, chiefly owing to the influence of 
later Hegelians rather than of Hegel himself, the separation between 
science and philosophy became much more distinct. 

The story is well told by Helmholtz,^ who, writing in 1 862, was near 
enough to the time fully to appreciate its effects : 

It has been made of late a reproach against natural philosophy that it has struck 
out a path of its own, and has separated itself more and more widely from the other 
sciences [Wissenschaften] which are united by common philological and historical 
studies. This opposition has, in fact, been long apparent, and seems to me to have 
grown up mainly under the influence of the Hegelian philosophy, or, at any rate, 
to have been brought out into more distinct relief by that philosophy. Certainly, 
at the end of the last century, when Kantian philosophy reigned supreme, such 
a schism had never been proclaimed; on the contrary, Kant’s philosophy rested on 
exactly the same ground as the physical sciences, as is evident from his own scientific 
works, especially from his “Cosmogony”, based upon Newton’s Law of Gravita- 
tion, which afterwards, under the name of Laplace’s Nebular Hypothesis, came to 

* H. Helmholtz, Popular Lectures on Scientific Subjects j Eng. trans. E. Atkinson, London, 
1873) P- 5- 
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be universally recognized. The sole object of Kant’s “Critical Philosophy” was to 
test the sources and the authority of our knowledge, and to fix a definite scope and 
standard for the researches of philosophy, as compared with other sciences. According 
to his leaching, a principle discovered c by pure thought was a rule applicable 
to the method of pure thought, and nothing further; it could contain no real, 
positive knowledge. . . . [Hcgel’sJ “Philosophy of Identity” ^ was bolder. It started 
with the hypothesis that not only spiritual phenomena, but even the actual world — 
nature, that is, and man — were the result of an act of thought on the part of a 
creative mind, similar, it was supposed, in kind to the human mind. On this 
hypothesis it seemed competent for the human mind, even without the guidance 
of external experience, to think over again the thoughts of the Creator, and to 
rediscover them by its own inner activity. Such was the view with which the 
“Philosophy of Identity” set to work to construct a priori the results of other 
sciences. The process might be more or less successful in matters of theology, law, 
politics, language, art, history, in short in all sciences, the subject-matter of which 
really grows out of our moral nature, and which are therefore properly classed 
together under the name of moral sciences.. . .But even granting that Hegel was 
more or less successful in constructing, a priori, the heading results of the moral 
sciences, still it was no proof of the correctness of the hypothesis of' Identity with 
which he started. The facts of nature would have been the crucial test. . . .It was 
at this point that Hegel’s philosophy, we venture to say, utterly broke down. His 
system of nature seemed, at least to natural philosophers, absolulely crazy. Of all 
the distinguished scientific men who were his cemteanporaries, not one was found 
to stand up for his ideas. Accordingly, Hegel himself, convinced of the importance 
of winning for his philosophy in the. field of physical science that recognition which 
had been so freely accorded to it elsewhere, launched out, with unusual vehemence* 
and acrimony, against the natural philosophers, and especially against Sir Isaac 
Newton, as the first and greatest representative of phy.sical investigation. The 
philosophers accused the scientific men of narrowness; the scientific men retorted 
that the philosophers were crazy. And so it came about that men of science began 
to lay some stress on the banishment of all philosophic infiuences from their work: 
while some of them, including men of the greatest acuteness, went so far as to 
condemn philosophy altogether, not merely as useh^ss, but as misc hievous dreaming. 
Thus, it must be confessed, not only were the illegitimate pretensions of tin* 
Hegelian system to subordinate to itself all other studies rejected, but no regard was 
paid to the rightful claims of philo.sophy, that is, the criticism of the sources of 
cognition, and the definition of the functions of the intellecl. 

For about half a century, especially in Germany, this separation 
between science and philosophy persisted. The Hegelians despised 
the experimentalists, somewhat as did the Greek phikisophers. The 
men of science disliked and finally ignored the Hegelians. Even 
Helmholtz, in deploring this attitude, as is seen above, limited philo- 
sophy to its critical function — the elucidation of the theory of know- 
ledge — and denied its claim to attack other more speculative problems, 
such as the deeper questions of the nature of reality and the meaning 
of the Universe. 

‘ So called because it proclaimed the idfentity not only of subject and object, but of 
contradictories, such as existence and non-existcnce. 
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The philosophers, from their side, were equally blind, and used any 
weapon which came to their hand in their attack on the experi- 
mentalists. The poet Goethe had done good work in both animal and 
vegetable comparative anatomy, where the facts lay on the surface. 
But where deeper analysis was needed, as in physics, Goethe’s method 
failed. A flash of poetic insight assured him that white light must be 
simpler and purer than coloured, and that therefore Newton’s theory 
of colour must be wrong. ^ He would not consider the facts brought 
out by careful experiment or the inferences drawn from them. To him 
the senses must reveal at once the tnith about nature, and the true 
inwardness of things be made visible by direct aesthetic imagination. 
He therefore framed a theory of colour in which wliite light was 
fundamental — a theory which could not stand the simplest physical 
analysis, and was supported by nothing but Goethe’s abuse of Newton 
and by the compromising help of the Hegelians. It is not surprising 
that the men of science learnt to ignore the writings of the philosophers. 
But the complete separation could not last long, and science soon 
began once more to influence the general thought of the time. 

In England a new variety of an old controversy arose between 
Whewell on the one hand, who maintained the a priori nature of 
mathematics, and Ilcrschel and John Stuart Mill on the other, who 
held that Euclidean axioms, such as that two parallel straight lines 
produced to infinity can never meet, are inductions from experience. ^ 
Rant referred ihe validity of these axioms, as of other scientific con- 
cepts, to the nature of our minds, and nowadays the axioms might be 
regarded as mere definitions of the kind of space we were going to 
investigate in our geometry. Other axioms can be framed which lead 
to a geometry of non-Euclidean space. Indeed the work of Lobat- 
chewski, Bolyai, Gauss and Ricmanii gradually showed that what wt 
call space is a particular case of a general possible manifoldncss which 
may have four or more dimensions. Our minds can frame the axioms 
and investigate the properties of these other kinds of ‘"space”. 
Experience, it is true, shows that the space we observe is approximately 
three-dimensional and Euclidean, but, examined more accurately by 
Einstein, it proved to be not exactly so, but to conform, as far as present 
accuracy goes, to one out of the many other possible kinds of space. 
Thus the Whewell-Mill controversy, like so many others, has faded 
away into a solution which contains the essence of both alternatives. 


‘ Helmholtz, loc cit. p. 33. 

^ W. Whewell, Philosophy of the Inductive Sciences, London, 1O40, and History of the Inductive 
Sciences, London, 1837; j. S. Mill, Logic, London, 1843, 
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General Whewell distinguished the necessary axioms of mathematics from 
^fScZi^ the merely probable hypotheses of natural science, which he recog- 
Thought nized as being based on induction from experience, though, following 
Kant, he held that in every act of knowledge a formal or mental 
element co-operates with an element derived directly from sensation* 
Mill’s attitude is partly due to the*fact that, in his day, empiricists 
were still opposing, consciously or unconsciously, the old phantom of 
innate ideas — Platonic revelations from a super-sensual world. The 
same survival seems to have misled Ueberweg in Ixis polemic against 
Kant.* Ninelecnth-century empiricists often failed to sec the strength 
or bearings of the view that experience does not lead us directly to 
things as they are, but is only a process by which the appearance of 
things arises in our minds, and that therefore the picture of nature we 
construct is partly determined a priori by the structure of our minds, 
as also is the fact that we have experiences at all. 

Indeed, during the greater part of the nineteenth century, most 
men of science, especially biologists, thinking they were keeping clear 
of metaphysics, iicceptcd uncritically the model of nature put together 
by science as ultimate reality. Some of the physicists and philosophers 
were more cautious. Even Herbert Spencer, whose work was based 
on the science of his day, held that the ultimate concepts of physics — 
space, time, atoms — involve mental inconsistencies which make it 
clear that the reality which underlies phenomena is unknowable. 
Here, he argued, science joins hands with religion, which, stripped 
of all doubtful elements, is the faith that all things arc the manifestation 
of a Power that transcends our knowledge. 

The philosophy of science was also studied in England by G. Boole, 
who (1854) introduced symbolic language and notation into logic; 
by W. Stanley Jevons, who, in his Principles of Science (1874), gave 
a high place to intuition in scientific methods of discovery; and by 
W. K. Clifford (1845-1879), who held that Kant’s argument for the 
universality and necessity of geometrical truths was valid as against 
Hume’s empiricism, but that the researches of Lobatchewski and 
Riemann proved that, while ideal space might be defined and investi- 
gated a priori^ actual space and its geometry as known to us are products 
of experience. It is clear that Darwin’s theory of natural selection has 
a bearing on this problem. It will therefore be reconsidered later in 
this chapter. 

But Boole, Jevons and Clifford had little influence among men of 

' See F. A. Lange, Geschichte des Materialistiui, Eng. trans. E. C. Thomas, vol. ii, 3 rd ed. 
p. 173- 
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science. Even physicists had lost touch so entirely with philosophy- 
that when in 1883 attention was called by Ernst Mach to the philo- 
sophical basis of mechanics, his work was ignored by some, slighted 
as fanciful by others, and over-estimated for originality by the few 
who studied and appreciated it.^ 

In writing his treatise on mechanics he made use of the historical 
method, then unusual. His criticism of Newton’s definition of mass 
and his account of the fundamental discoveries of dynamical principles 
have been described in Chapter vi. 

Taking up the tradition of Locke, Hume and Kant, Mach pointed 
out that science does but construct a model of what our senses tell us 
about Nature, and that mechanics, far from being necessarily the 
ultimate truth about Nature as some believe it to be, is but one aspect 
from which that model may be regarded. Other aspects, chemical, 
physiological and so forth, are equally fundamental and important. 
We have no right to assume a knowledge of absolute space or time, 
since space and time are but sensations, and the one can only be 
referred to the frame of the fixed stars, and the other to astronomical 
movement. Space as known to us is a concept derived from experience, 
for Riemann and other mathematicians have imagined different kinds 
of space, or space-like manifolds. “A body is a rclativ(jly constant 
sum of touch and sight sensations.” A natural law is “a concise 
compendious rule” giving the result of past experience as a guide 
to future sense-perceptions. Most of Mach’s ideas may be found 
in the writings of the older philosophers, but they came quite 
fresh to the unphilosophic men of science of the late nineteenth 
century. 

From the philosophic point of view perhaps the first important 
single effect of the new developments in physical science was produced 
hy Lavoisier’s demonstration of the persistence of matter through all 
chemical changes. I’he idea of matter gained through the sense of 
touch is one of the earliest concepts given to science by common 
sense, and led to the metaphysical concept of substance as that which 
is extended in space and persistent in time. It has been seen in earlier 
chapters how, at certain periods in history, the experience of solidity 
in matter recurrently gave rise to a materialist philosophy. Lavoisier 
demonstrated scientifically that, through all the apparent changes 
and disappearances of chemical action, the total mass as measured by 
weight remained unaltered, and thus he strengthened immensely the 

' Dr Enisl Mach, Die Mechanik in Hirer Entwickelwig historisch-kritisch dargestellt, ist ed. 
1883, 4th ed. 1901, Eng. trans. T. J. McCormack, Chicago, 1893, and ed. London, 1902. 
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Matter and common-scnse view that matter was an ultimate reality, for persistence 
Force common-sense marks of reality. 

But it was the general impression produced by the success of 
physical science that had the most momentous effect on philosophic 
thought ill the first two-thirds of the nineteenth century. Dalton’s 
atomic theory, the reduction of the phenomena of electricity and 
magnetism to mathematical laws, the concordance with experiment 
of the wave theory of light, the revelation by spcclrum analysis of the 
composition of the Sun and stars, the explanation of the constitution 
of all the host of organic compounds by structural formulae, the pro- 
duction of new compounds and even of new elements, and the method 
of predicting their existence even before their discovery — all these and 
other triumphs gave an overwhelming sense of growing power both 
in the interpretation of Nature and in the control of natural forces. 
It was difficult to remember that one mystify was only cleared up by 
expressing it in terms of another, and that, in ultimate analysis, the 
fundamental problems of Reality remained much as they were. And, 
indeed, this fact was often forgotten as the first sixty or seventy years 
of the century' passed away, and uncritical men came to believe more 
firmly first in matter and force and then in matter and motion as 
ultimate explanations. 

It will be well to trace more carefully the threads of thought which 
led to the idea of the dominance of matter and force. Newton himself, 
in framing his hypothesis of universal gravitational attraction, never 
accepted gravity as an inherent and ultimate property of matter, or 
action at a distance as a physical explanation. He says that he has 
been unable to satisfy himself about the cause of the attraction, and 
only puts forth a query whether it might not be due to an aethereal 
medium, which, being denser in free space than near matter, presses 
gravitating masses towards each other. He lays no stress on this 
suggestion, but he distinctly regards gravity as needing explanation, 
and leaves its cause for future consideration. 

Nevertheless, during the eighteenth and early nineteenth centuries, 
it came to be assumed by many philosophers and some physicists that 
the Newtonian system, an extension of Galileo’s idea of force, involved 
action at a distance, and was to be distinguished in this from the school 
which traced its pedigree back to Descartes, and sought to explain the 
interactions of matter by some comprehensible mechanical means. 
For instance, while the French physicists Ampere and Cauchy were 
investigating electric forces mathematically on the Newtonian law of 
inverse squares, in England Faralday and (later) William Thomson 
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and Clerk Maxwell were studying the effect of the intervening medium, 
and trying to picture a mechanism by which the electric forces could 
be transmitted through it. 

Similar questions arose in atomic and molecular problems. To the 
ancients, and indeed to Gassendi and Boyle, the atoms only acted on 
each other by collision and contact. Atoms with rough surfaces, even 
with teeth or hooks, were imagined in order to explain cohesion and 
other properties of matter. But, if atoms can act on each other at 
a distance, these ideas become unnecessary. 'Fhe kinetic theory, it is 
true, is superficially a return to the view that atoms or molecules act 
on each other by direct collision. But it has to be assumed that, when 
near, the molecules exert forces on each other, and moreover, since 
they must be supposed to rebound on collision, they must be taken as 
elastic, and therefore must have structure and be composed of smaller 
parts. Even if atoms are in practice indivisible, in imagination they 
can be divided to infinity, and ultimately we must picture an infinitely 
small particle, that is a point, which, since it influences other similar 
])oints, must be a centre of force. Such reasoning led Boscovitch, an 
cigliteenth-century Jesuit, to regard the atoms themselves as im- 
material centres of force, and, in the nineteenth century, logically 
minded French physicists such as Amj)ere and Cauchy saw that the 
atom of their day had in analysis become an imexteiided bearer of 
forces, the idea of solid particles being only retained in deference to 
the materialist instincts of unphilosophic minds. Nowadays the atom 
is no longer uncxlended; even the electron shows signs of a more 
minute structure, and is being sublimated into a source of radiation 
or a disembodied wave-system. When we look beyond the electron, 
wc still seem to be left with the alternatives of regarding the ultimate 
units of matter as unextended centres of force, or of imagining an 
infinite series of structures, one within another, and each more minute 
than the last. 

But, in spite of Boscovitch, Ampere and Cauchy, with iheir reduction 
of the atom to a mere centre of force, Newtonian science, based on 
particles of matter and the similar ideas applied by Lavoisier to 
chemistry, led many of those interested in such things to an opposite 
philosophy, which regarded hard lumps of matter as the sole reality, 
while the forces between them were accepted as their only mode of 
action. Helmholtz and other physicists regarded the reduction of a 
problem to mass and force as an adequate solution. In this they 
followed Newton. It was a mathematical solution, and as such 
satisfactory, though not a physical explanation. But those who were 
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Matter and not familiar with physics thought they regarded a mathematical 
Force solution as an ultimate explanation. 

In the eighteenth century, philosophic materialism, as explained 
in Chapter v, was revived in France; in the nineteenth, it arose anew 
in Germany.^ The early protagonists, Moleschott, Buchner and Vogt, 
based their philosophy definitely on the results of science, and especially 
on those of physiology and psychology. But the title of Buchner’s 
book, Kraft und Staff (1855), shows that the ideas of force and matter 
as ultimate realities formed an essential part of the movement. 
Perhaps the attention thus called to the clear-cut results of natural 
science had a healthy effect after half a century of somewhat foggy 
Hegelian idealism, but it is remarkal)le that this revival of a materialist 
philosophy arose when among men of science matter had been re- 
placed by the accurately definable quantity mass, and “force” was 
shown to mean ambiguously cither force or energy. Moreover, these 
German writers confused their materialism with sensationalism and 
scepticism. The old idea, of a materialist conception of history, was 
revived, and, coalescing with exaggerated Darwinisrnus, was taken by 
some Communists as a basis for economics and politics. 

The Theory The acceptance of the principle of the conser\'ation of matter led 
of Energy' to a somewhat crude materialism. The later establishment of the 
corresponding principle of the conservation of energy, though it could 
not be pressed into the service of philosophic materialism, was used 
as evidence for the allied theory of philosophic mechanism and 
determinism. 

In the first place, it helped to throw doubt on the prevalent form 
of biological vitalism, which held that in living beings there exists 
a vital force, wliich controls or even suspends physical and chemical 
laws, adapts the organism to its environment, and shapes its ends. It 
was now seen that animals, like machines, can only move and do work 
when supplied with energy from without — ^with fuel in the form of 
food, and with air containing oxygen. If control be exercised by a 
vital principle, it must be in a more subtle way than had-been assumed. 
It was still possible to imagine an evasion of the second (or statistical) 
law of thermodynamics by some such action as that of Maxwell’s 
hypothetical daemon, but the first law — the principle of the con- 
servation of energy — was seen to hold good in living as in dead 
systems. 

Secondly, if the amount of energy in the Universe is limited and 
constant, wc are faced with the possible cessation of the Sun’s activity, 

* F. A. Lange, loc. cit. vol. ii, chaps, ii, in. 
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as well as with the problem of the age of the Earth in the past and its The Theory 

life in the future. The old idea that the Sun was a hot body slowly 

cooling was seen to be inadequate; even if it were made of coal it 

would burn out and its heat be exhausted in a lime all too short. But 

the new physical principles also showed that immense stores of energy 

would be converted into heat as the original nebula condensed and 

its parts fell together to form the Sun. Moreover, a steady contraction 

of the Sun, if still going on, would continue tins evolution of heat, and, 

it was thought, perhaps give time enough for solar existence. In 1854 

Helmholtz calculated that a contraction of one ten-thousandth part 

of its radius would supply the heat radiated by the Sun for more than 

2000 years. 

William Thomson, afterwards Lord Kelvin, estimated the age of 
the Earth by a similar calculation and used it to supplement others 
based (i) on the heat conducted upward through tlie crust of the 
Earth, and (2) on the frictional effect of the tides in lengthening 
the day. In 1862 he estimated that less than 200 million years ago the 
Earth was a molten mass, and in 1899 he shortened the limit to some- 
thing between 20 and 40 million years. By this time, both the 
geologists and the biologists demanded a much greater time for the 
Earth and its inliabitants. A pretty quarrel arose, but the bases on 
which the physical calculations were founded were undermined, first 
by the discovery of possible new sources of heat in radio-activity, and 
then by the new atomic and cosmic theories of to-day. In the 
tremendous temperatures inside the Sun and stars, transmutation of 
one element into another, and even the direct conversion of matter 
into energy, arc now held to occur, and would supply stores of heat 
far transcending those contemplated by the older theories. The 
historians of cosmic and organic evolution can now have as much 
time as they want. 

The numbers involved in early calculations are not important. 

Whatever be the length of the past life of the Sun and Earth, the 
principles of the conservation and dissipation of energy pointed to 
a beginning and an end, and brought the investigation within the 
bounds of science. 

William Thomson also studied the problem in another w^ay with 
the help of the second principle of thermodynamics. Mechanical work 
can only be obtained from heat when heat passes from a hot body to 
a cold one. This process tends to diminish the difference of temperature, 
which is also decreased by conduction of heat, friction, and other 
irreversible processes. The availability of energy in an irreversible 
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The Theory system is always becoming less, and its converse — the quantity called 
ofEnerg)^ by Clausius the entropy — ^is always tending to a maximum. Thus the 
energy of an isolated system, and therefore (it was assumed) of the 
Universe, is slowly passing into heat, uniformly distributed and there- 
fore unavailable as a source of useful work. Eventually, it was 
thought, by this dissipation of energy the Universe must become 
motionless and dead. 

Thomson’s work, like that of Newton, was seized upon by those who 
confused physical science with mechanical philosophy, and our model 
of nature with ultimate reality. The “death of the Universe” was 
thought to be another proof of atheism and philosophic determinism. 
But, on the alternative thcistic theory, if God created the World, 
there seems to be no good reason why He should not bring it to an end 
when He has had enough of it; and man’s soul, being by this hypo- 
thesis spiritual and immortal, can regard with equanimity the super- 
session of a physical Universe in which it will have ceased long since 
to be confined. Again, the application ol' the principles of thermo- 
dynamics to cosmic theories, at all events on niiictc'enlh-century 
evidence, was of doubtful validity. It was unjustifiable to extend to 
the Universe results inferred from such limited instances, even though 
they had been successfully used to predict the behaviour of finite 
isolated or isothermal systems. We now know that the jiroblem is far 
more complicated than was understood when it was first formulated. 
Moreover, even if the beginning and the end of the Sun and the Earth 
as they exist at present were made clear by science, it must be pointed 
out that the bearing of the result on the metaphysical problem of the 
origin, meaning and end of the Universe as a whole is very small. The 
lives of the Sun and Earth, indeed of the whole galaxy of stars, might 
be traced from the primaeval nebula to the final dead state; wc 
should but have traced a few stages in the evolution of the Cosmos, 
and should still be as far as ever from solving the mystery of its 
existence. 

Psycholo^iy The mind of man can be studied in two ways, ” rationally or 
empirically. Assuming some metaphysical system of the Universe — 
say, for instance, that of the Roman Church or that of the German 
materialists — wc can deduce rationally the place of the human mind 
in that system and its relations thereto. On the other hand, assuming 
no such system, we can investigate the phenomena of mind by 
empirical observation and perhaps experiment. This empirical study 
can be made by two methods, by ^introspection of our own minds, or 
by objective observation and experiment on the minds of ourselves 
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or of others. By this last course, psychology becomes a branch of Psychohsy 
natural science. 

At the beginning of the nineteenth century, rational psychology 
was characteristic of Germany, where in the Universities it was com- 
bined with cosmology and theology in a broad study of metaphysics. 

Empirical psychology had already appeared in England and in Scot- 
land, and followed introspective methods, which held the field for 
two-thirds of the century, especially in the hands of James Mill and 
Alexander Bain. In France a beginning had been made in the 
examination of mind in its outward manifestations as a physiological 
and pathological problem, and also by an examination of its external 
signs in language, grammar and logic. ^ 

When the methods of science were extended to subjects other than 
those in which they arose, rational psychology was speedily replaced 
by empirical in all countries. In this form Herbart used it in Germany 
in opposition to the prevailing systematic idealist philosophy, though 
he still based his psychology on metaphysics as well as on expericiK^e. 

On the other hand, especially in the works of Lotze, it was made the 
basis of a deeper discussion of the materialist hypothesis than (;ould 
be found in the writings of Vogt, Molcschott and Buchner. T'he 
Germans received with some sur])rise this empirical '‘psychology 
(Seelenlchrc) without a sour’, i.e. without a preconceived system of 
metaphysics, for the German mind, from Leibniz onward, has always 
sought to construct a broad rational theory of the Universe bel'orc 
examining any part of it. But empirical psychology came naturally 
to the “common-sense” outlook of Englishmen and Scotsmen. As 
often before, they were well able to follow a line of thought in isolation 
as far as it proved practically useful, without reference to its apparent 
logical effect on other subjects. British psychologists for the most part 
left theology to theologians and metaphysics to metaphysicians, even 
while their own methods, though empirical, were introspective. When 
they became experimental, this attitude of course became even easier. 

French psychology, chiefly in the hands of physiologists and physicians, 
naturally led the way in scientific experimental methods, and was in 
no danger from metaphysical systems. And, when psychology, like 
natural science, became international, the French contribution had 
perhaps the greatest influence. 

The attitude of physical science, including physiology and experi- 
mental psychology, is analytic, regarding a problem successively from 
different aspects — mechanical, chemical or physiological — and, in 
‘ J. T. Merz, loc, dt. vol. iii, p. 203. 
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Psychology each, resolving the subjects of study into simple concepts, such as cells, 
atoms, electrons, and their mutual relations. But biology suggests 
that each living being is an organic whole, and, even more markedly, 
each man feels in himself a deep-seated consciousness of unity of being. 
While science deals with relations which can be verified by any 
competent observer, each man’s mind is fully accessible only to 
himself. Hence this consciousness of unity cannot be adequately 
investigated by scientific methods. In physiology and experimental 
psychology, it is necessary to suppose that animals are subject to and 
explicable by physical and chemical principles, and that man is a 
machine, for no progress can be made on any other assumption. .But 
when continental pseudo-logicians argued that this useful working 
assumption represented reality, and that man is nothing but a machine, 
the British, with their usual common-sense point of view, saw that 
though it was in accordance with one set of facts, it did not agree with 
another, and they were quite content to regard man as a machine in 
the physiological laboratory, as a being possessing free will and 
responsibility when they met him in the ordinary affairs of life, and 
as an immortal soul when they went to church. Each view was found 
to be a good working hypothesis for its own special purpose, so why 
not use them all at appropriate times and places? They may be recon- 
ciled some day in the light of future knowledge, and meanwhile they 
all help to get things done. This characteristic British attitude of mind 
was shown not only in the days of Newton and at the inception of 
modern psychology, but in many other scientific and philosophic 
problems of the nineteenth century and afterwards. Though it seems 
illogical to continental minds, it may still be the true scientific attitude. 
It takes theories as working hypotheses as long as they produce useful 
results, and, if they do so, does not shrink from employing simul- 
taneously two theories which, in the then state of knowledge, look 
mutually inconsistent. If either proves incompatible with facts (or 
with cherished convictions), it can readily and easily be dropped. At 
the present time physics, hitherto the most rational of sciences, is 
using two fundamental theories apparently quite inconsistent with 
each other, thus perhaps justifying the British habit of mind. 

Alexander Bain (1818-1903) was one of the first to use contem- 
porary scientific knowledge in the empirical examination of mental 
processes by the introspective method. He followed Locke’s theory 
that the phenomena of the mind can be traced back to sensations, and 
adopted ‘‘the association psychology” of British writers from Hume 
to James Mill, whereby higher and more complex ideas are supposed 
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to be compounded out of simpler elements by association. Bain Psychology 
strengthened these principles by evidence drawn from physiology, 
though he did not fully appreciate the bearing that the French re- 
searches on morbid psychology had on the theory of the normal action 
of the mind, and he completed his main work before the days of 
evolution brought a realization of the contrasted influence of heredity 
and environment. 

Even when psychology looked to natural science for help, there 
were for a time characteristic national differences in its application. 

In France and England it was the methods of science which were used — 
observation, hypothesis, deduction of consequences, and comparison 
of these with further observation and (later) experiment. In Germany, 
though idealist Hegelian metaphysics, which had come to be some- 
what discredited, were no longer used as a basis, psychologists still 
sought to build on a metaphysical system. As natural science was in 
the ascendant, and Johannes Muller and Liebig were applying 
physiology and chemistry so successfully to medicine and industry, 
the ])sychologists took over scientific concepts, instead of only scientific 
method. They proceeded “to elevate the supposed elementary notions 
with which the natural sciences operated and which were in current 
use, such as matter and force, to the rank of fundamental principles 
for the mental sciences or even to that of articles of a new creed”. 

This “led to an abstract and contracted view of mental phenomena, 
to hasty generalizations, and in the end to purely verbal distinctions”.^ 

But about this time — the middle of the nineteenth century — the 
application of physical methods, brought in from different sides, pro- 
duced a revolution in psychology. Curiously enough, psychophysics 
can be traced back to Bishop Berkeley, who, in his New Theory of 
Visio7ij referred our awareness of space and matter ultimately to the 
sense of touch. Its later development began with Galvani’s discovery 
that the legs of frogs contracted when touched by two different metals. 

This observation, besides starting the great science of current electricity, 
led to wild speculations in physiology and psychology. Enthusiasts 
unqualified for scientific research, misusing Galvani’s work and also 
Mesmer’s investigation of the phenomena of hypnotism, falsely called 
“animal magnetism”, degraded the study of the role of electricity in 
physiology till Helmholtz and du Bois Reymond applied scientific 
methods again a generation later. 

We have seen how Gall’s work on the localization of sensation in 
parts of the brain was similarly degraded by popular ignorance into 

> Merz, loc. cii. vol. iii, p. 21 1. 



NINETEENTH-CENTURY SCIENCE 


304 

sycholog)/ the absurdities of ‘‘phrenology’’, but, in more careful hands, it led to 
a great increase of knowledge of cerebral ac:tion. The special senses 
were studied from the physical side by Thomas Young, who revised 
and improved Newton’s theory that colour vision depends on three 
primary colour sensations, and by Helmholtz, who, in his study of 
physiological acoustics, elucidated the physiological basis of music and 
speech. Again, in his physiological optics, Helmholtz not only advanced 
our knowledge of the sensation of sight and colour vision, but helped 
also to analyse our perceptions of space, using among other methods 
the stereoscope invented earlier by Sir Charles Wheatstone. 

But it was E. H. Weber, of Leipzig, who began the present science 
of experimental psychology by his observations on the limits of 
sensation. For instance, touching different parts of the skin simul- 
t aneously with two pins, he measured their distance apart when they 
can just be felt as giving separate pressures. He also investigated the 
increase in a stimulus necessary to produce an increase in sensation. 
Here he discovered a definite mathematical relation — that the stimulus 
must increase according to its intensity at the beginning of each step, 
that is, in a geometrical progression. 

Among the more philoso])hically minded, the new outlook had 
been early recognized by Beneke in his Psychologie ah Naiarwissenschafl 
(1833), Lolze (1852), who accc])ted mathematical methods as applic- 
able to some parts of psychology, and Fechner, who first used the 
term “psychophysics” (i860). The modern school appears plainly in 
Wundt, of Leipzig, who, besides making measurements himself, as on 
the sensation of time, collected the dilfcreiit threads of enquiry into 
a coherent whole. While appreciating to the full the use of the analytic 
method in the study of special problems, Wundt never lost sight of the 
fundamental unity of the inner life. Here again the work of Darwin 
marked an epoch. His study of the expression of the emotions in 
animals and man opened the way to the modern subject of com- 
parative psychology, which has thrown so much light on the human 
mind. 

The most characteristic contribution of the later nineteenth century* 
to the main ])sychological problem of the relation of mind and body 
is the theory of psychophysical parallelism. Its germ can be traced 
through Descartes, Spinoza and Leibniz to Weber, Lotze, Fechner 
and Wundt. Physical and psychical phenomena clearly run parallel; 
they are simultaneous if not connected. The theory regards conscious- 
ness as a concomitant epi-phenom^non of the more accessible though 
complex changes in the nervous system. For the purposes of psycho- 
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physics this is enough: we do not need to know whether the cpi- Psychology 
phenomena have independent existence. But conscious life has the 
faculty of continuous growth as it becomes manifest in language, 
literature, science, art and all the social activities — a growth in mental 
values. Hence psychology has become connected with, and has given 
new power to, the sciences of language, philology and phonetics, and 
through them has found a way of penetrating from the outside world 
to the inner world of thought. 

The examination of the central problems of the unity of self- 
conscious life is at present beyond the methods of exact science. Here 
we pass into metaphysics. Is the feeling of unity the reflection of a 
reality, and has the inner mind, soul, call it what wc will, an inde- 
pendent existence? On the other hand, is it only a derived complex, 
built up by the grouping together of sensations, perceptions and 
memories, as later developments of ‘‘ association psychology” suppose? 

Does it control the body, is it a mere cpi-phenomenon of the brain or 
is there some higher unity? Cabanis suggested that the function of 
the brain in its connection with thought should be studied as the 
functions of other bodily organs, and this was put in coarse language 
by Vogt, who said that the brain secretes thought as the liver secretes 
bile. That materialist outlook is crude and unsatisfying, but it serves 
to focus the greatest problem which psychology hands over to 
philosophy. 

If the discoveries of the principles of the conservation of matter and Btokgy and 
energy, combined with the atomic theory, were used as the chief basis ^Materialism 
of materialism, the simultaneous progress of physiology and psychology 
in the first half of the nineteenth century led to a strengthening of the 
mechanical philosophy, which, illogically but inevitably, was con- 
fused with materialism. Johannes Muller, witli his Handbuch der 
Physiologic (1833), and E. H. Weber were the pioneers of scientific 
method in this subject in Germany. Then came the French influence, 
especially in the physiology of the brain and nervous system, and the 
psychology and treatment of mental disease founded on it. Next came 
the application of statistics to human actions by Quetclet. This exten- 
sion of science over new domains was seized on by Vogt, Moleschott, 

Buchner and other German materialists to support their metaphysics. 

The old arguments used a hundred years before in France were 
revived and developed with the added weight of the new physics, 
physiology and psychology behind them. Insomc continental countries, 
ecclesiastical conservatism found effective means of suppressing these 
views, till the struggle for political liberty was combined with that for 
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intellectual freedom, and culminated in the revolutionary outbreaks 
of 1848. 

In the following years the industrial changes, which had already 
gone far in England, began to extend to the Continent. Science, and 
especially chemistry, came into closer relation with ordinary life. In 
practical England, this process had had little effect on religious 
orthodoxy, but, in logical France and metaphysical Germany, it 
certainly helped to swell the rising tide of mechanical and materialistic 
philosophy. Moreover, compared with idealist systems, materialism 
has a superficial simplicity. Buchner, in his Kraft und Stoff (1855), 
proclaimed that “expositions not intelligible to an educated man are 
not worth the ink they are printed with”, and in Germany the 
“materialistic controversy” reached sections of the people that it 
never touched in other countries. As Lange says, “Germany is the 
only country in the world where the apothecary cannot make up a 
prescription without being conscious of the relation of his activity to 
the constitution of the universe”.^ 

It is impossible to read the works of the Germans who called them- 
selves materialists in the middle of the nineteenth century without 
seeing that theirs was no thorough-going, logical materialism like one 
side of the dualism of Descartes. Moleschott, Vogt and Biichiier 
confuse materialism with naturalism, with sensationalism, even with 
agnosticism. Indeed, the name seems to cover in turn almost any 
views which could be opposed to the prevalent German idealism or 
to ecclesiastical orthodoxy. It was a philosophy of revolt, and used 
any stick which came to hand. Philosophic materialism, the idea that 
the only ultimate reality is to be found in lumps of dead matter, 
cannot explain consciousness or stand for a moment against critical 
analysis. But many of the systems with which in this Teutonic fog it 
was confused cannot be refuted out of hand. Hence the prolongation 
and general inconclusiveness of the discussion. 

The great dividing line in this realm of thought^ especially in 
Germany, was the work of Darwin. When the Origin of Species became 
generally known, German philosophers, led by Ernst Haeckel, developed 
Darwin’s teaching into a philosophic creed. On this Darwinismus they 
founded a new form of monism allied to materialism, and thence- 
forward in all countries such controversies ranged themselves round 
the concept of evolution. 

The general acceptance of the theory of evolution, as based by 
Darwin on natural selection, produced profound changes not only 

' Lange, loc. cit. vol. ii, p. 263. 
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in those sciences directly affected, but also in many other realms 
of thought. To a consideration of these changes we must now 
turn. 

Even in the first half of the nineteenth century science began to 
influence many other branches of human activity as well as philosophy. 
Its dispassionate methods of enquiry, its effective combination of 
observation, logical reasoning and experiment, were found useful in 
other subjects. By the middle of the century this tendency began to 
be realized. Helmholtz says: 

I do think that our age has learnt many lessons from the physical sciences. The 
absolute, unconditional reverence for facts, and the fidelity with which they are 
collected, a certain distrustfulness of appearances, the effort to delect in all cases 
relations of cause and clfect, and the tendency to assume their existence, which 
distinguish our century from preceding ones, seem to me to point to such an 
influence. 


When one looks at the history of politics, down to our own day, one 
lends to feci that Helmholtz was too optimistic. But perhajis com- 
))arison with former ages may go some way towards justifying him. 
Men learnt in the nineteenth century that the subject of economics, 
al all events, was suitabh^ in parts for mathematical treatment, and 
that it would be the better throughout for dispassionate and expert 
study, the results of which, though sometimes mistaken, can at least 
he honest attempts to reach the truth. 

In statistics, the methods of mathematics and physics were definitely 
applied to the problems of insurance and of sociology. As explained 
already, these applications were first made to anthropology by Petty 
and by Graunt in the seventeenth century and by Quetelct in the 
years from 1835 onwards. Quetelct showed how the numbers of men 
possessing a certain quality, such as stature, are grouped round the 
mean representing the extent of the quality in the average man, so 
that the theory of probability could be applied. He obtained results 
similar to those of games of chance or the distribution of molecular 
velocities,^ and represented them on similar diagrams. The subject of 
social statistics was carried further in England by William Farr (1807- 
1883), who, from a post in the Office of the Registrar General, did 
much to improve medical and insurance statistics, and to put the 
census on a sound basis. 

During the later years of the century, evolutionary philosophy 
modified profoundly men’s conceptions of human society.^ It has, in 


‘ See p. 285. 

2 See Cowles on Maltiius, Darwin and Bagehot, Isis, No. 72, 1937, p. 341. 
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3o8 nineteenth-century science 

Scieme and fact, destroyed for ever the idea of finality, whether in the State as it 
Sociology .'g ^ future Utopia. Political institutions, no less than living 

beings, must fit their environment. Both are subject to variation, and, 
for the social weal, they must develop passu. Institutions successful 
with one race may fail lamentably with another. Representative 
Government on the British model may not be applicable to every 
nation. The demonstration of innate difierences and variations in 
body and mind destroyed for ever the idea that biologically “all men 
are born equal”. 

A similar change passed over economics. The formal political 
economy of the earlier days of the science sought to establish laws of 
society, eternal, universal, valid for all times, in all places, and for all 
peoples. Doubt was thrown on this idea of absolute laws by the 
historical school, wliich, in many directions, has shown that every 
stale of society has economic laws of its own, and that their application 
varies with the ever-varying environment. 

The changes in political institutions and in economic conditions 
arc not as slow as those in biology. Still, even in them, it is not possible 
to take short cuts to the next stage, or indeed to know where the next 
stage will lead us. Survivals of past times are found side by side with 
rudimentary forms ready for new growth. As morphology discloses in 
the animal body vestiges of organs useful in past phases of organic 
evolution, so the study of social institutions reveals traces of the older 
stages through which they have passed. From these traces, rightly 
interpreted, their history and origin may often be inferred. And, from 
a knowledge of history and origin, light is cast on present meaning 
and true significance, perhaps even on the probabilities of the future. 

If man has been brought into being by the same processes of 
evolution as the animal races, he must be subject still to the same 
variation and selection. When Francis Galton, working on this idea 
about 1869, traced the inheritance of physical and mental qualities 
in mankind, it followed that selection must continue to operate not 
only in order to maintain the race in the direction that civilized men 
have agreed to consider upward, but even in order to prevent its 
deterioration. Galton gave the name Eugenics to the study of the 
inborn transmissible qualities of mankind and the application of the 
knowledge so obtained to the welfare of the human race. 

In civilized states it is probable that the most powerful agent in 
natural selection is disease. Those specially liable to any particular 
weakness tend to die early and leave no offspring, and in this way the 
hereditary predisposition to thc^ complaint is bred out of the race. 
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But any change in the environment, as explained in Chapter vii, Science and 
whether produced by law, social custom or economic pressure, must Sociology 
favour some strains more than others in a mixed race, and thus modify 
the average biological quality of the population. Gabon’s work threw 
a new light on social questions: biological knowledge was shown 
to be applicable to politics, economics and sociology. But his ideas 
were too much out of harmony with nineteenth-century equalitarian 
thought to produce a great effect at once; it was only after the end 
of the century that they won even partial acceptance. 

When we pass to the bearing of Darwin’s work on theories of politics, 
we find that no consensus of opinion was reached. The principle of the 
survival of the fittest was used to revivify aristocratic ideas by Vachcr 
de Bourget, Ammon and Nietzsche. But, on the other hand, it was 
urged that evil qualities may have an advantage in present conditions ; 
that a secure aristocratic position removes competition and therefore 
selection ; that ‘‘ equality of opportunity” is of the essence of Darwinian 
progress. Moreover, socialists pointed to the societies formed by 
animals for mutual aid, and drew attention to their great survival 
value, thus finding in the lives of the bee and the ant arguments for 
a communistic order of society. But such a society leads to a finality 
of development, and ends by becoming stationary. The bee world has 
shown no signs of progress during the two thousand years that it has 
been under observation. It is rigid, utilitarian, self-sufficing — a 
model of communal life, when human desire and individual initiative 

' 'll 

have been bred out of the race. Such divergent results show at least 
one fact — that the application of the principle of natural selection to 
sociology is so complex a problem that almost any school of thought 
can obtain from it valid arguments for their own special tenets. 

Yet it is a curious psychological fact that, whether in studying family 
history or in speculating about the origin of humanity, man prefers to 
Jancy that he has fallen from the state of ancestors better than himself 
rather than to believe that he has risen in the social or racial scale. 

This faith in the value of heredity, like other such prepossessions, 

[)robably has more value than the nineteenth century was willing to 
])elieve, and should be treated with respect. Men may therefore be 
forgiven when they provide themselves, if Nature and the College of 
Arms have omitted to do so, with noble forebears, in much the same 
way as primitive races postulate a direct descent from the gods, or, if 
somewhat more modest, claim only a specific divine act of creation 
to have been exercised in their favour. Even civilized man, con- 
fronted with the choice between the Book of Genesis and the Origin of 
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Science and Species, at first loudly proclaimed with Disraeli that he was “on the 
Sociology angels 

Yet the evidence of man’s affinity with animals was overwhelming, 
and soon prevailed within the limited circle where rational discussion 
was possible. As Copernicus and Galileo deposed the Earth from its 
position at the centre of the Universe, so Darwin took man from his 
cold pedestal of isolation as a fallen angel, and forced him to recognize 
his kith and kin in Saint Francis’ little brothers, the birds. As Newton 
proved that terrestrial dynamics hold sway in the heights of heaven 
and in the depths of space, so Darwin sought to show that the familiar 
variation and selection, by which man moulds his flocks and herds, 
may explain the development of species and the origin of man himself 
from lower beings. 'Fhc Darwinian hypothesis of natural selection may 
be unable to explain the conversion of one species into another in the 
world of to-day. But the broad concept of evolution has been only 
confirmed by more recent knowledge. Organic nature, like physical 
nature, can from this point of view be regarded as a whole — a new 
and mighty revelation to the human mind. 

Evolution and If the influence of Darwin was great on sociology, he produced an 
Rfhaion more profound effect on the theory of religion, and on those 

doctrines in which, at the time, religion was enshrined by theology. 
The destruction of the crude dogma of separate specific acts of 
creation, though it now seems to us but the most superficial of the 
results, was the most obvious, and over it the clash first came. 

During the Middle Ages men had freely speculated from time to 
time on the natural origin of different forms of life.^ The emphasis 
laid by the Protestant Reformers on the verbal inspiration of the Bible 
led to a more literal interpretation, and by the eighteenth century an 
acceptance of the details of the story of organic creation, as given in 
the first chapter of Genesis, became necessary to orthodoxy. In the 
nineteenth it was apparently believed by almost the whole Christian 
world. Geological study must have suggested doubts about the 
chronology of Archbishop Ussher, who put the date of creation in the 
year 4004 b.c., but even a well-informed man seriously contended 
in 1857 that God had put misleading fossils into the rocks to test 
the faith of mankind. It may be impossible logically to refute this 
argument; indeed the world may have been created last week, with 
fossils, records and memories all complete; nevertheless the hypothesis 
seems improbable. 

' Darwin and Modern Science, Cambridge, 1909; Rev. P. N. Waggett, Religious Thought, 
P. ^ 
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The discussion which followed the publication of the Origin of 
Species in 1859 first challenged the popular belief in definite acts of 
creation for each species. Gradually the cumulative evidence for 
evolution, and for natural selection as, at all events, one factor in its 
process, penetrated the educated part of each nation. Again, the 
principle of natural selection seemed to weaken immeasurably the old 
“argument from design” of the Christian apologists. Adaptation of 
means to ends in plants and animals received a naturalistic inter- 
pretation, which, if not complete in the deepest recesses of the 
problem, went far towards a superficial solution. No longer was it 
thought necessary to invoke an intelligent and beneficent Artificer to 
explain the details of bodily structure or the protective markings on 
a butterfly’s wing. If there was still need of a Creator, it seemed likely 
that He had turned away and left the great machine to spin unheeded 
down the ringing grooves of change. 

But gradually it became clear that the destruction of untenable 
positions was a real service rendered to an unwilling theology by the 
revelation of evolution. Soon leading theologians, and later the more 
timid clergy, came to realize that creation must be n’gardcd as a con- 
tinuous process, that life, essentially one, was much more wondtTful 
and mysterious than they had thought. To trace the method by which 
species, with their characteristic bodily and mental (jualities, developed 
from earlier forms did little to explain the essential meaning and 
origin of life or the ])hcnomcna of consciousness, of will, of the moral 
and aesthetic emotions. Still less did it touch the terrible problem of 
existence — why anything (or nothing) is. There was still room — 
indeed the whole Universe — for a sense of awe and mystery, still room 
for reverent enquiry, for faith in things unseen. Instead of the childish 
story of the six days, with their separate acts of creation, the real 
]')roblem of Being arose, stupendous, overwhelming. 

While Huxley, the Duke of Argyll and the bishops were exciting 
themselves and the. world about Darwin and the Book of Genesis, 
changes much more important and fundamental than lliose they were 
discussing were quietly going on. The idea that some of the orthodox 
beliefs and practices of our own day had developed from more 
primitive cults of the past had been suggested by isolated thinkers, 
among others by Hume and by Herder. But that idea only became 
an effective starting-point for the comparative study of religions under 
the stimulus of Darwin’s work. The more recent results of this study 
belong to the twentieth century. But, before the end of the nineteenth, 
certain striking facts had emerged. Dr E. B. Tylor, one of the first 
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Evolution and anthropologists in this field, published a book on Primitive Culture 
Religion in Darwin wrote: 

It is wonderful how you trace animism from the lower races up the religious 
belief of the highest races. It will make me for the future look at religion — a belief 
in the soul, etc. — ^from a new point of view. 

The study of anthropology was advanced by others, working on 
similar lines. In Sir James Frazer’s Totemism^ published in 1887, 
information on totemism and marriage customs was collected from 
widespread sources. Totemism is derived from animism, and in- 
volves an elaborate net of custom, woven round the idea of the totem, 
or sacred animal, which is connected in a mystic way with the tribe 
or the individual that bears its name. Savage life is dangerous, crises 
are frequent, and ill-luck, incalculable and mysterious, is of all things 
to be guarded against. Customs grow up which arc thought to help 
in crises and to prevent ill-luck: woe to him who transgresses them! 

In the first edition of The Golden Bought which appeared in 1890, 
Frazer took as his text the rites at Nemi, near Aricia in Italy, where, 
down to classical times, one priest reigned as Rex Nemorensis till slain 
by another. Similar customs among primitive or savage peoples can 
be traced back to sympathetic magic, whereby the drama of the year, 
with death at harvest and a joyous resurrection at each new spring, 
is symbolized by rites and ceremonies, and, it is thought, the continued 
fertility of crops and herds can thus be secured to mankind. Sym- 
pathetic magic, mingled with other factors such as fear of the dead, 
leads to ideas of superhuman gods or daemons, and the nature-rites, 
including those of initiation and communion, arc continued with new 
meanings. 

In some such way as this the anthropologists who first used the 
concept of evolution found the mind of the savage to work, and the 
framework of primitive religion to be formed. The bearing of their 
discoveries on the early history of the religions of civilized races was 
obvious, but it took some time to become widely known. It made less 
noise than the somewhat superficial controversy about special acts of 
creation, but, in the twentieth century, its ultimate eflPects have been 
and will be much greater. 

Thus, in several ways, the acceptance of the theory of evolution on 
the basis of natural selection first disturbed and then benefited the 
theological or dogmatic framework of religion, which is so often con- 
fused with religion itself. Christian thought, save in obscurantist 
quarters, accepted the theory of evolution, and is now slowly coming to 
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accept in general the modern outlook. Forced to reconsider its premises, 
it created a new spirit of reverent enquiry and freedom of thought. In 
place of the theory of a rigid and complete body of doctrine, delivered 
once for all to the Saints, a theory constantly liable to dislocation 
through the shocks of historical discovery, religious men gained the 
vision of an evolution of religious ideas, of continuous revelation 
marked at certain times by supreme outpourings, but never ceasing 
to interpret the Will of God to mankind. Moreover, by this modern 
spirit, they have been driven in the study of religion to give proper 
weight to that observational method which has proved so necessary 
in science. This has led to the consideration of the variety of religious 
experience, and to a recognition of the value of mystical insight as an 
individualist complement both to ritual as a communal act of worship 
and to authority as the guardian of tradition. 

On the practical side of religion — the side of ethics — evolutionary 
ideas first brought science into close contact with the problem of the 
basis of morality. If the moral law has been delivered to mankind once 
for all amid the thunders of Sinai, there is no more to be said. Man 
has a perfectly valid reason for his ideals of conduct, and has nothing to 
do but obey, and, as far as in him lies, to make other people obey also. 

But, if we are not sure about Sinai, we are driven to feel for other 
ground on which to plant our drowning feet. This has been sought in 
two places. Either, with Kant, we must accept the moral law of our 
consciences as an innate “categorical imperative”, to be accepted as 
an ultimate, undoubted, though inexplicable fact, or alternatively we 
must look for some naturalistic explanation. 

Bentham, Mill and the utilitarians looked for a naturalistic basis 
in the securing of “the greatest happiness of the greatest number”, 
and thought that, if man’s feeling of unity with his fellow-creatures 
was taught from infancy as religion is taught, with the whole force of 
education and practice, there need be no doubt about the force of the 
sanctions for altruistic conduct. Henry Sidgwick’s criticism and recon- 
ciliation of the opposing intuitional and utilitarian schools led him to 
see the moral process as the removal of the centre of interest from the 
moment and the individual, to the longer life and wider range of 
social welfare. 

But utilitarian ethics only came into touch with fundamentals when 
they were modified by the evolutionary philosophy. The first syste- 
matic attempt so to modify them was made by Herbert Spencer, but 
the more extreme form of evolutionary ethics appeared in the develop- 
ments of Darwinism in Germany. 
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The main thesis, of course, is that moral instincts are chance 
variations preserved and deepened by natural selection. Families and 
races which possess those instincts gain an advantage in solidarity and 
co-operation over those that have them not. Thus, by inheritance, 
moral instincts are developed in mankind. 

This is merely explanatory. It shows, on the hypothesis of natural 
selection, how moral instincts, once in being, grow in power. But the 
struggle for life takes place between individuals as well as between 
races, and the contrast between the moral law and the selfishness 
needed for success in that struggle impressed most writers rather than 
did the social unity indicated by the deeper analysis. They '\saw 
nature red in tooth and claw”, and thought that morality stood little 
chance, llius Huxley held that the cosmic and moral orders arc in 
perpetual conflict, that goodness or virtue is opposed to those qualities 
which lead to success in the struggle for existence. 

For some time theix was no dispute about the content of ethics. 
Neither intuitionists nor utilitarians nor evolutionists opposed the 
traditional or Christian morality; they were only concerned with its 
fate wh('n the dogmatic religious sanction should be removed. On 
the practical side of ethics there was complete agreement ; on the 
speculative side controversy and confusion.^ 

But, when metaphysical Germany and logical France fully assimi- 
lated the idea of natural selection, the lessons of the struggle for life 
were pressed to their conclusion. If evolutionary philosophy b(‘ 
accepted without reserve, are not the qualities which favour the 
survival of the fittest the real moral qualities? Nietzsche in particular 
taught that Christian morality was a slave morality, useless and out- 
grown, and that the super-man, to whom the world must look for 
enlightenment and control, would have freed himself completely from 
such hampering restrictions. Taken up by politicians and militarists, 
this teaching did much, in combination with the success of the wars 
of 1866 and 1870, to form the mentality of Germany, and to bring 
about the cataclysms of 1914 and 1939. In France the influence was 
more individual than political; but the “struggle-for-lifc” became' 
a catchword among those, to be found in all ages, who wanted a 
finely sounding excuse for ignoring conventional morality. 

It is easy to criticize this particular set of ideas. If brute strength 
and selfishness arc the only qualities of survival value, on the evolu- 
tionary hypothesis itself there can be no explanation of the moral 

' A. J. Balfour, in Mud, vol. ni, 1878, p. 67; T. H. Huxley, in Nineteenth Century, vol. i, 
1877. P' 539 - ' 
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feeling or conscience, which certainly exists in most men. On the Evolution and 
other hand, to explain the development of the moral sense as an out- 
come of natural selection between groups docs not invalidate it, 
though it may weaken it to some men by changing its basis from an 
arbitrary precept of revealed religion to a social instinct of survival 
value, part of the wonderful whole in which our life is set. 

The complete theory of the Ethics of Naturalism has been studied 
critically in England especially by James Ward and W. R. Sorlcy.^ 

Both writers conclude that the efforts of the supporters of naturalism 
to derive an ethical doctrine from the basis of evolution alone are 
fruitless, and that an idealist interpretation of the Universe is as 
necessary for secure ethics as for rational metaphysics. 

The influence of Darwin on metaphysics might well be included in 
this section on religion, for, on the dogmatic side, religion is a meta- 
j)liysic. Since, however, questions other than religious ones are in- 
volved, it will be better to deal with the whole subject under the next 
heading of evolution and philosophy. 

In attempting to estimate the influence that the establishment Evolution and 
of the theory of evolution had on ])hilosophic thought, we must 
remember the history that has been traced in the foregoing pag(‘s. 

As thought has moved on from age to age, mechanical and spiritual 
theories of the Universe have alternated with each other in recurring 
pulsations which hitherto seem to have been necessary for a healthy 
growth of knowledge. With each great advance in science, with each 
subjection of a new kingdom to the rule of natural law (as the process 
comes to be regarded), the human mind, by an inevitable exaggera- 
tion of the power of the new method, tends to think that it is on the 
])oint of reaching a complete mechanical explanation of the Universe. 

'fhe Greek atomists made a guess at the structure of matter, a guess 
which chances, to accord with modern views, though, from the scientific 
])oint of view, their evidence for it was most exiguous. Not content 
with applying their theory to the inorganic world, they framed 
accounts and explanations of life and its phenomena on the idea of 
a 'Tbrtuitous concourse of atoms”, all unconscious of the vast com- 
pl exity of inorganic nature, and the still vaster world of new phenomena 
which had to be explored before the problem of life, for which they 
gave a confident solution, could even be approached. Yet the atomists 
did good work, and did it under the inspiration of a materialist 
philosophy. But the insufficiemy of their evidence was recognized 

James Ward, Naturalism and Agmsticis/n, 1899; W. R. Sorley, Ethics of Naluralim, 1885, 

1904. 
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Evolution and by Plato and Aristotle, who, also on doubtful ground, framed two 
Philosophy varieties of idealism, which, adapted successively by Christian theology, 
were handed on to the Middle Ages as the characteristic thought of 
ancient Greece. 

When the growth of knowledge began afresh at the period of the 
Renaissance, the natural oscillations of opinion once more became 
apparent. The triumph of Copernicus, and the amazing success of 
Newton in interpreting the phenomena of the heavens, led up to an 
exaggeration of the power of their methods. Laplace thought that 
a skilful enough mind would be able to calculate the whole of the past 
and future history of the Universe from a knowledge of the momentary 
configuration and velocities of the masses composing it. At each step 
in advance this over-estimation of the possibilities of mechanism 
became a marked feature in contemporary thought. As each new 
piece of knowledge was assimilated, the old problems were seen in 
their essence to be unaltered; the poet, the seer and the mystic again 
came into their own, and, in new language, and from a higher vantage 
ground, proclaimed their eternal message to mankind. 

Now, speaking broadly, a manifestation of this recurrent pheno- 
menon of a wave of mechanical philosophy was the first main result 
of Darwin’s success. Quite legitimately and without exaggeration, 
the establishment of the principle of evolution greatly strengthened 
the feeling of the intelligibility of nature, and gave new confidence to 
those who based their theory of life on scientific ground. With the new 
physiology and psychology it was the complement on the biological 
side of the contemporary tendencies in physics, tendencies which 
pointed to a complete account of the inorganic world in terms of 
eternal, unchanging matter, and a limited and strictly constant 
amount of energy. 

The application to living beings of the principles of the conserva- 
tion of matter and energy led to the exaggerated belief that all the 
various activities, physical, biological and psychological, of the existing 
organism would soon be explained as mere modes of motion of 
molecules, and manifestations of mechanical or chemical energy. The 
acceptance of the theory of evolution produced the illusion that an 
insight into the method by which the result had been obtained had 
given a complete solution of the problem, and that a knowledge of 
man’s origin and history had laid bare the nature of his inward spirit 
as well as the structure of the human organism regarded from without. 
It was in Germany that this development of Darwinismus was most 
prevalent. 
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It is best seen in Haeckel’s Weltrdtsel, The Riddle of the Universe.^ 
Not only had Darwin shown that the evolution of the bodies of animals 
and men could be explained, partly at any rate, by natural selection; 
he had also given evidence to prove that the instincts of animals, like 
other vital processes, are subject to development under the influence 
of selection, and that the mental functions of man are allied to them 
and subject to similar changes. Haeckel founded on Darwin’s work 
a complete and uncompromising monist philosophy. He asserted the 
unity of organic and inorganic nature. The chemical properties of 
carbon are the sole cause of living movement, and the simplest form 
of living protoplasm must arise from non-living nitrogenous carbon 
compounds by a process of spontaneous generation (though unluckily 
there was no direct evidence in favour of tliis conclusion). Psychical 
activity is merely a group of vital phenomena which depend solely on 
material changes in the protoplasm. Every living cell has psychic 
properties, and the highest faculties of the human mind, evolved from 
the simple cell-soul of the unicellular Protozoa, are but the sum total 
of the psychic functions of the cells of the brain. 

Thisviewmaybecompared and contrasted with thatofW.K.Clifford, 
who agreed with Berkeley that mind is the ultimate reality, but held 
a form of idealist monism in which consciousness is supposed to be 
built up from atoms of “mind-stuff”. 

Haeckel claimed Darwin’s support for his own complete system, 
and incidentally made plain the history of the immediate influence 
of Darwin on this type of philosophy.^ 

We arc now fairly agreed in a monistic coiirepiion of naluic, that regards the 
whole universe, including man, as a wonderful unity, governed by unalterable and 
eternal Jaws. ...I have endeavoured to show that this pure monism is firmly 
established, and that the admission of the all-powerful rule of the same principle 
of evolution throughout the universe compels us to formulate a single supreme law, 
the all-embracing “Law of Substance”, or the united laws of the constancy of 
matter and the conscivation of energy. We should never have reached this supreme 
general conception if Charles Darwin — “a monistic philosopher” in the true sense 
of the word — had not prepared the way by his theory of descent by natural selec- 
tion, and crowned the great work of his life by the association of this thcoiy with 
a naturalistic anthropology. 

It is probable that Darwin would not have subscribed to the views 
of his most prominent German disciple. Indeed, with characteristic 
modesty, he was very reticent about the philosophic import of his 


* Ernst Haeckel, Die Weltratsel, 1 899, Eng. trans. London, 1 900. 

2 E. Haeckel, chapter on “Darwin as Anthropologist”, in Darwin and Modem Science, 
Cambridge, 1909, p. 151.' 
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work. The problem of descent is more complicated than it appeared 
to Darwin’s ardent followers. Whether a naturalistic solution of the 
more difficult problem of man’s whole nature will ever be reached, it 
is impossible to say. But it is quite certain that as yet it has not been 
attained; nor will it be attained till many more alterations towards 
and away from mechanical philosophy have passed like waves over 
the human mind. Indeed, the particular wave induced by the 
coalescence of the theory of evolution with nineteenth-century physics 
has already gone. The very principle of evolution itself requires us to 
look forward to an ever-changing stream of thought, which will 
develop from age to age, while past experience goes to show that the 
development will not be steady and continuous, but intCDnitteiit and 
oscillatory. 

The later German materialists and mechanists rested their case 
chiefly on biology. Their dogmas were criticized by the Berlin physio- 
logist Emil du Bois Rcymond and his brother Paul,^ who pointed out 
that, even if the problems of life were reduced to those of physics and 
chemistry, the concepts of matter and force were but abstractions 
from phenomena, and gave no ultimate explanation. They argued 
that some problems are beyond human knowledge for ever — 
ignorabimus. 

This limitation of the power of human faculty may be compared 
with Huxley’s agnosticism, and Spencer’s doctrine of the Unknowable. 
To fix such limits of knowledge was thought dangerous by Karl 
Pearson. In The Grammar of Science- he denied the name of knowledge 
to any result not reached by scientific methods, but asked with 
Galileo, “Who is willing to set limits to the human intellect? ” While 
of course admitting much as unknown, he refused to accept a hopeless 
Unknowable for ever beyond the power of science lo investigate. 

The principle of natural selection was applied to the theory of 
knowledge by Herbert Spencer and Karl Pearson. Our fundamental 
notions may be obtained, or at all events developed, by the process 
of natural selection and inheritance. Notions and axioms best fitted 
to symbolize and describe the experience gained through the senses 
will be established in the course of generations, while others will die 
out. Thus the fundamental concepts of mathematics may be “innate 
ideas” in the individual, but the data of experience for the race. This 
is a fascinating theory, though it is not easy to see how an innate 


' E. du Bois Reymond, Uebei die Grenzen des Naturerkennens, Leipzig, 1876; P. du Bois 
Reymond, Ueber die Grundlagen der ErkenrUniss in den exacten Wissensciwften, Tubingen, 1890. 
^ 1st cd. London, 1892. * 
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appreciation of the axioms of Euclid or of Riemann can have much Evolution and 
‘‘survival value” or much advantage in “sexual selection”. Possibly Philosophy 
it is held to be linked with other, more attractive, qualities. 

In one sense, the acceptance of the theory of natural selection is 
the completion of the philosophic work begun and mapped out by 
Francis Bacon, who taught that the method of empirical experiment 
was the sole road to natural knowledge. Darwin proved, as Demo- 
critus and Lucretius had guessed, that Nature herself uses the method 
of empirical experiment, both in the animal and vegetable worlds. 

She tries all possible variations, and, out of countless trials, succeeds 
in a few cases in establishing that new and greater harmony between 
(he being and its environment from which evolution ])roceeds. 

If accepted in its fullest sense, natural selection is the negation of 
all teleology. There is no end in view: merely a constant haphazard 
change both of individuals and of environment, and sometimes a 
chance agreement between them, which, for a brief moment, may 
give some appearance of finality. 

Herbert Spencer’s phrase for natural selection, “the survival of the 
fittest”, standing alone begs the question. What is the fittest? The 
answer is : “The fittest is that which best fits the existing environment” . 

It may be a higher type than that which preceded it, or it may be 
a lower. Evolution by natural selection may lead to advancement, 
but it may also lead to degeneration. As the first Earl Balfour pointed 
out, on the full selectivist philosophy the only proof of fitness is 
sur\fival — that which is fit survives, and that which survives is fit. We 
may seek to break away from the circle by declaring that, on the whole, 
evolution has produced a rise in type, that man is higher than his 
simian ancestors. But then we are taking upon ourselves to pronounce 
authoritatively on what is higher and what is lower, and the thorough- 
going selectivist may reply that our judgment is itself formed by 
natural selection, and thereby is framed to appreciate and rate as 
liigher that which, in reality, merely has sur\dval value — that which, 
in fact, has permitted us to exist. From the purely naturalistic stand- 
point there seems no escape. We have to accept an absolute judgment 
by some other standard of what is high and low, good and evil, if we 
seek another outlook. 

Indeed it may be pointed out that the order in which we place 
creation is largely a matter of race and racial religion. To the Oriental 
Buddhist, existence is an evil, consciousness a greater evil. To him, 
logically, the highest form of life is a simple cell of protoplasm in the 
tranquil depths of the ocean’s bed, and all the evolution of the ages 
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Evolution and is in truth downward from that calm ideal, which is itself a fall from 
Philosophy inorganic matter that probably preceded it. 

Darwin himself did not regard natural selection as a complete 
explanation of the evolutionary process. It says nothing about the 
causes of variations or mutations. They may be due to chance con- 
junctions of unit elements in the organism, which by the laws of 
probability would give the observed distribution of individuals round 
the mean or average; they may be due to other, more recondite, 
causes. Natural selection does not produce variations ; it only cuts off 
those that are useless. It throws no light on the deeper problems of 
life : why life exists at all, and why it seems to press in wherever it can, 
up to and beyond the limits of subsistence. 

When regarded from the aspect of analytical physiology, with its 
biophysics and biochemistry, man is by definition a machine, working 
by physical and chemical principles : old and new vitalism arc alike 
inadmissible. But, regarded as a whole, as in natural history, any 
organism shows a synthetic unity as its characteristic expression of life, 
and man, carrying further what is seen in other animals, displays 
a higher unity in his mind and consciousness — a new aspect of life. 
The theory of evolution carries this synthetic process a step onward, 
and discloses an underlying unity in the whole organic creation. Life 
is one manifestation of the cosmic process. Life from a single cell of 
protoplasm to that infinitely complex structure, fearfully and wonder- 
fully made, which wc call man, is linked in all its parts by evolutionary 
tics. It forms one problem; a problem not to be investigated com- 
pletely by the analytic method of science, which deals with it in 
successive aspects, and, in each, tries to reduce it to its simplest terms ; 
a problem which needs also the synoptic view of philosophy, by which 
wc can “see life steadily and see it whole”; a problem the solution 
of which, could we reach it, would show us also the solution of subr 
ordinate problems, and give us a firm basis for ethics, aesthetics and 
metaphysics, the inner meaning of the Good, the Beautiful and the 
True. And one clue to the solution is the theory of evolution elucidated 
by Darwin’s principle of natural selection. 
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Since the end of the nineteenth century great advances have been The Position 
made in our knowledge of life and its manifestations, but the chief 
ideas by which those advances have been guided were formulated 
before 1901. Twentieth-century mathematics and physics, breaking 
away from the Newtonian scheme, have marked a veritable revolution 
in thought, and are now influencing philosophy profoundly. Twentieth- 
century biology is still following the main lines laid down before the 
century began. 

Towards the end of the nineteenth century, naturalists, accepting 
Darwin’s work as final, had almost given up his characteristic method 
of experiment on breeding and inheritance. Evolution by natural 
selection was accepted as an established scientific princi]fle — one might 
almost say as a scientific creed. It was thought that further informa- 
tion on its details could best be obtained from the study of embryology, 
a belief founded on the hypothesis of Meckel and Haeckel that the 
history of the individual follows the history of the species. 

Of course there were exceptions. De Vries was already experi- 
menting on variation, and in 1890 William Bateson (1861-1926) 
criticized the logical basis of the evidence for Haeckel’s so-called 
“law”, and advocated a return to Darwin’s own methods.^ He was 
thus led to plan and undertake those experiments on variation and 
heredity which he afterwards pursued so successfully. Of the difficulties 
which confronted the then prevalent Darwinian ideas about the origin 
of species, the two following were the most serious : 

The first is the difficulty which turns on the magnitude of the variations by which 
new forms arise. In all the older work on evolution it is assumed, if the assumption 
is not always expressly stated, that the variations by which species are built up are 
small. But, if they are small, how can they be sufficiently useful to their possessors 

* William Bateson, Naturalist, Memoir by Beatrice Bateson, Cambridge, 1928, p, 32. 
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The Position to give those individuals an advantage over their fellows;? That is known as the 
in Biology difficulty of small or initial variations. 

The second difficulty is somewhat similar. Granting that variations occur, and 
granting too that if they could persist and be perpetuated species might be built 
up of them, how can they be perpetuated? When the varying individuals breed with 
their non-varying fellows, will not these variations be obliterated? This second 
difficulty is known as that of the swamping effect of inter-crossing.^ 

Bateson went on to point out that every breeder of plants or animals 
knows that while small variations from’ the normal do occur large 
variations also are common. De Vries and Bateson himself had by 
1900 done enough scientific work on the subject to prove that large, 
discontinuous mutations are by no means rare, and that some of them, 
at all events, are transmitted in a perfect form to offspring. Thus new 
varieties, if not new species, may be established readily and quickly. 
There was no evidence about the cause of the variations ; their existence 
had to be taken as a crude fact. But, accepting their existence, their 
discontinuity seemed to diminish the difficulties of Darwinian evolu- 
tion. And, in tliis same year, 1900, new (or rather old and long 
forgotten) facts came to light. 

Mendel and Simultaneously with the later work of Darwin (1865), a series of 
Inheritance ^(‘searches was being carried on in the cloister of Briinn, which, had 
they come to his notice, might have modified the history of Darwin’s 
hypothesis. Gregor Johann Mendel, a native of Austrian Silesia, an 
Augustinian monk, and eventually Abbot or Pralat of the Koriigs- 
kloster, not satisfied that Darwin’s view of natural selection was 
sufficient alone to explain the formation of new species, undertook 
a scries of experiments on the hybridization or cross-breeding of peas. 
He published his results in the volumes of the local scientific society, 
where they lay buried for forty years. Their rediscovery in 1900 by 
de Vries, Correns and Tschermak, and their confirmation and exten- 
sion by these biologists, as well as by William Bateson and other 
workers, marks the first ^tep in the recent development of heredity 
as an exact experimental and industrial science. 

The essence of Mendel’s discovery consists in the disclosure that 
in heredity certain characters may be treated as indivisible and 
apparently unalterable units, thus introducing what may perhaps be 
termed an atomic or quantum conception into biology. An organism 
either has or has not one of these units; its presence or absence is 
a sharply contrasted pair of qualities. Thus the tall and dwarf varieties 
of the common edible pea, when self-fertilized, each breed true to 

' W. Bateson, loc. ext. p. 162. Quoted hoin Journal of the Royal Horticultural Society , 1900. 
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type. When crossed with each other, all the hybrids are tall, and 
outwardly resemble the tall parent. Tallness is therefore said to be 
“dominant” over dwarfness, which is called “recessive”. But, when 
these tall hybrids are allowed to fertilize themselves in the usual way, 
they are found to be different in genetic properties from the parent 
whom they resemble outwardly. Instead of breeding true, their off- 
spring differ among themselves ; three-quarters of them are tall and 
one-quarter dwarf. The dwarfs in turn all breed true, but of the tails 
only one-third breed true and produce tall plants, while the remaining 
two-thirds repeat in the next generation the phenomena of the first 
hybrids, and again produce pure dwarfs, pure tails and mixed tails. 

These relations can be explained if we suppose that the germ cells 
of the original plants bear tallness or dwarfness as one pair of con- 
trasted characters. When a tall plant is crossed with a dwarf one, all 
the hybrids, though externally similar to the dominant, tall parent, 
have germ cells half of which bear tallness and the other half dwarf- 
iiess in their potential characters. Each germ cell bears one or other 
quality but not both. Thus when, by the chance conjunction of a male 
with a female cell from these hybrids, a new individual is formed, it 
is an even chance whether, as regards the qualities of tallness and 
dwarfness, we get two like or two unlike cells to meet; and, if the cells 
be like, it is again an even chance whether they prove both tall or both 
dwarf. Hence, in the next generation, we get one-quarter pure tails, 
one-quarter pure dwarfs, while the remaining half are hybrids, which 
since tallness is a dominant, resemble the pure tails. Thus, in outward 
appearance, three-quarters of the seedlings are tall. 

In view of recent tendencies in physics, it is of great interest to note 
this reduction of biological qualities to atomic units, the occurrence 
and combinations of which are subject to the mathematical laws of 
probability. Neither the motion of a single atom or electron, nor the 
occurrence of a Mendelian unit in an individual organism can be 
foretold. But we can calculate the probabilities involved, and, on the 
average of large numbers, our predictions will be verified. 

It will be seen that the methods of inheritance are different in the 
cases of dominant and recessive characters. While an individual can 
only transmit a dominant character to his descendants if he himself 
shows it, in certain conditions a recessive character may appear 
without warning in a pedigree. If two individuals mate who carry 
the recessive character concealed in their germ cells, though not 
outwardly visible in themselves, it will usually appear in about one- 
quarter of their offspring. But, in the majority of cases, the conditions 
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of inheritance are far more complicated than would appear from the 
study of two simply contrasted qualities in the green pea. For instance, 
qualities may act as dominants or recessivcs according to sex ; characters 
may be linked in pairs, so that one cannot appear without the other, 
or again they may be incompatible and never be present together. 

Many Mendclian characters have been traced in plants and animals ; 
while, as a practical guide in breeding, the method has been success- 
fully applied to unite certain desirable qualities, and to exclude others 
of a harmful tendency. By working on these lines, plant breeders and 
animal breeders partly superseded “rule of thumb” methods by a 
science. For instance, Bifferi established new and valuable species of 
wheat, in which immunity to rust, high cropping power and certain 
baking qualities were brought together in one and the same species, 
as the outcome of a long series of experiments based on the Mendclian 
laws of inheritance. 

When Mendel’s work was rediscovered, investigation into cell 
structure had revealed the fact that within each cell nucleus is a 
definite number of thread-like bodies which have been called chromo- 
somes.^ When two germ cells unite, in the simplest case, the fertilized 
ovum will contain double the number of chromosomes, two of each 
kind, one from each parent cell. When the ovum divides, every 
chromosome divides likewise, the two parts going to the two daughter 
cells. Thus each new cell receives one cliromosomc from each original 
chromosome. This occurs with each subsequent division, so that every 
cell of the plant or animal contains a double set of chromosomes, 
derived equally from the two parents. 

The germ cells also have at first the double set of chromosomes, but, 
at their last stage of transformation into sperm cells or ova, the 
chromosomes unite in pairs. There is then a different kind of division : 
the chromosomes do not split, but the members of each pair separate, 
and each member goes into one of the daughter cells. Thus each 
mature germ cell receives one or other member of every pair of 
chromosomes and the number is halved. 

The parallelism between these cell phenomena and the facts of 
Mendclian inheritance was noticed by several people, but the first to 
put the relation into the definite form which came to be accepted was 
Sutton. He pointed out that both chromosomes and hereditary 
factors undergo segregation, and that in each case different pairs of 
factors or chromosomes segregate independently of the other pairs. 

* T. H. Morgan and others, The Mechanism of Mendelian Heredity ^ New York, 1915, 
especially chap. i. ' 
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But, since the number of hereditary factors is large in comparison 
with the number of pairs of chromosomes, it was to be expected that 
several factors should be associated with one chromosome, and there- 
fore be linked together. In 1906 Bateson and Punnett discovered this 
phenomenon of linkage in the sweet pea, certain factors for colour and 
pollen-shape being always inherited together. The bearing of this 
discovery on the chromosome theory was pointed out by Lock. 

From 1910 onwards T. H. Morgan and his colleagues in New York 
worked out these relations much more fully in the fruit fly, Drosophila, 
in which generations of large numbers succeed each other at intervals 
of ten days. They found an actual numerical correspondence between 
the number of groups of hereditary qualities and the number of pairs 



of chromosomes, each being four. Usually the number is larger; in 
the garden pea it is seven, in wheat eight, in the mouse twenty, in man 
probably twenty-four. 

Even with twenty pairs of chromosomes, there will be over a million 
I)ossiblc kinds of germ cells, and two such sets will give a possible 
number of combinations which is enormously greater. Thus it is easy 
to understand why no two individuals in a mixed race are identical. 

Simultaneously with this Mendelian work, heredity was also in- 
vestigated by the statistical study of large numbers. The application 
to human variation by Quetelet and Galton of the theory of probability 
with its statistical law of error has been continued in the twentieth 
century, especially by Karl Pearson and his colleagues in London. 

The normal curve of error, or something like it, is usually obtained 
from the study of large numbers, but certain dangers in its use were 
illustrated by the work of de Vries on the evening primrose. Fig. 10 
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The represents the variation in length of the fruits of three varieties, the 
^^fiudy^of being plotted horizontally and the number of individuals 

Inheritance showing particular lengths vertically. The varieties A and C have a 
characteristic mean size of fruit and their curves closely resemble the 
normal. But B shows signs of subdivision into two separate groups at 
least. Had the seeds of all three varieties been measured together, the 
three curves would have coalesced into one, approaching the normal 
shape. It is often impossible to tell from the crude data whether the 
material is of one kind or whether, as in this case, two or more groups 
are involved. 

johannsen found that, if a single bean seed be made the starting- 
point of a family of self-fertilized descendants, the variations, say 
in weight of seed, of the individuals in this “pure line” conform 
accurately to the law of error. But such variations are not inherited ; 
if heavier seeds be picked out and grown, the seeds of their offspring 
are no heavier than the average. 

Excluding these pure lines with identical ancestry, an ordinary 
mixed race shows variations due to mixture of ancestral characters, 
and these ancestral variations are transmitted. Selecting both parents 
for some quality, say race-horses for speed, wc can establish a strain 
in which the desired quality reaches a value higher than the average. 
Galton found that the sons of tall parents were on the average taller 
than the mean height of the race, though not so tall as their fathers. 
Pearson and others investigated these phenomena more closely. If 
the average stature of the men of a race be 5 feet 8 inches, a man of 
6 feet will exceed the mean by 4 inches. On the average of large 
numbers, sons of fathers 6 feet tall have a height of about 5 feet 
10 inches, so that they exceed the mean by 2 inches, by half as much 
as their fathers. This result is expressed by saying that the cocfHcient 
of correlation is one-half, or 0*5. If the sons had been equal in stature 
to the fathers, the coefficient would have been unity; had the sons’ 
average height reverted to that of the race in general, there would 
have been no relation and the coefiicient zero, and had-the sons been 
shorter than the average of the race the coefficient would have been 
negative. Other qualities in plants and animals show similar relations, 
and, for any one quality, the coefficient of correlation between parents 
and offspring is generally between 0-4 and 0-6. Studies of variation 
and heredity, which like those of Mendel passed unheeded by biologists 
at the time, were carried on by R. L. de Vilmorin, a member of a 
long-established family of French seedsmen. He showed that in 
breeding plants the best results afe not obtained by selecting indi- 
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viduals as parents, but by choosing a line of plants on its average 
performance. This outcome does not support the Darwinian idea of 
the inheritance of small variations. 

Much controversy at one time went on between the Mendelians 
and the Biomctricians who used statistical methods founded on 
Darwinian concepts. In any complete study of heredity there seems 
room for both kinds of enquiry.^ 

The theory of evolution, as a general account of the process of life 
on the Earth, has become more and more firmly established as 
palaeontological evidence has accumulated. For example, there were 
noAngiosperms — ^higherplants with protected seeds — in Carboniferous 
times : new orders and new species must therefore have arisen some- 
how on the Earth. 

Some biologists still hold that natural selection acting on small 
variations is enough when long continued to explain evolution. Others 
think that, in Mendelian mutations, which may certainly give rise to 
new varieties, we see species in the making. But others again, and 
among them some of the leaders in modern thought, became doubtful, 
even sceptical. For instance, in 1922 Bateson said: 
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In dim outline evolution is evident enough. From the facts it is a conclusion 
which inevitably follows. But that particular and essential bit of the theory of 
evolution which is concerned with the origin and nature of remains utterly 
mysterious.^ 


Syst^atists still recognize distinct species, and neither Darwinian 
variation nor Mendelian mutation, as used in genetic experiments, 
seems to reach to those fundamental, underlying differences on whicli 
species depend. Perhaps in earlier ages living organisms were more 
plastic, and now that they have become fixed are only susceptible of 
superficial changes. There is evidence that occasionally a species may 
even now enter upon a phase of mutability; this is believed to have 
occurred with the evening primrose studied by de Vries. 

The problem of the inlieritance of acquired characters, considered 
in Chapter vii, is still a subject of controversy, the cases adduced in 
favour of such inheritance not being universally accepted as con- 
vincing. The segregation of germ cells from body cells found in 
animals does not occur at such an early stage in plants, and therefore 
in them the inheritance of acquired characters should be more likely. 
Among more recent evidence we may mention some collected by 

' R. H. Lock, Recent Progress in the Study of Variationj Heredity and Evolution^ London, 1 907 ; 
and sec below, Chapter xii. 

“ William Bate.son, loc. cit. p. 395. 
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F. O. Bower, which seems to show that in ferns long-continued 
differences in the environment may produce heritable characters.^ 

Another difficulty has arisen. Variations seem to depend on elements 
being lost and not gained. Bateson says: 

Even in Drosophila, where hundreds of genetically distinct factors have been identi- 
fied, very few new dominants, that is positive additions, have been seen, and I am 
assured that none of them are of a class which could be expected to be viable under 
natural conditions. . . . [But] our doubts arc not as to the reality or truth of evolu- 
tion, but as to the origin of species, a technical, almost domestic, problem. Any day 
that mystery may be solved. The discoveries of the last twenty-five years enable us 
for the first time to discuss these problems intelligently and on a basis of fact. That 
synthesis will follow on analysis, we do not and cannot doubt. ^ 

Meanwhile the palaeontologists, especially in America, were col- 
lecting fossil remains of series of organisms in far greater numbers 
than ever before, ranging through many geological epochs and demon- 
strating a continuity of succession through different forms of life, 
which in some cases seem to suggest evolution along definitely directed 
lines. The problem became much more complex and difficult than 
was realized fifty years earlier. The broad drift of evolution is clear, 
but we must wait for more knowledge before attempting a new 
description of its details. 

The application to mankind of our knowledge of heredity and 
variation wasmuchextended by Mendelianrcsearch. Many deficiencies 
and diseases, such as colour blindness, the congenital cataract studied 
by Nettleship, and haemophilia, follow Mcndelian rules in their 
descent. One normal character — the brown coloured pigment in 
the eye — was definitely proved by the work of G. G. Hurst to be 
Mendelian, but there were many indications that other hereditary 
qualities in man, like those in so many plants and animals, are 
Mendelian units. Indeed the almost exact equality in the numbers 
of boys and girls born into the world irresistibly suggested that sex 
itself is such a unit quality. If all female germ cells carry femaleness 
and half the male cells carry maleness and half femaleness, the 
phenomena would be explained. 

In plants and animals we know that pairs of unit qualities may be 
linked together so that one cannot be present without the other, or, 
on the other hand, may repel each other so that the two cannot 
coexist. In man experiment is impossible, and observation is re- 
stricted to the few generations which are all that can usually be 
examined. There is little doubt that, were our powers of investigation 

* F. O. Bower, The Ferns, Cambridge, 1923-1928, vol. ni, p. 287. 

* William Bateson, loc. ciL pp. 3951^398. 
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extended, we should find in mankind too a conglomerate of unit Heredity and 
qualities, derived from two parents, and related both to each other and Society 
to the chemical natures of the difterenl secretions which the ductless 
glands pour into the blood-stream. Whether these Mendelian qualities 
make up the essential structure of man, or whether they form but a 
superficial pattern on a deeper, non-Mendelian substructure, remains 
a subject for future investigation. 

In 1909 an attempt was made to adapt Gabon’s ideas to the know- 
ledge which had accumulated since 1 869 when his work was published . ^ 

The importance which he assigned to heredity had been emphasized 
by the Mendelian researches of Hurst, Ncttleship and others, and by 
the mathematical work of Karl Pearson and his pupils, who had much 
extended Gabon’s biometric methods. The evidence which had 
become available seemed to Justify the examination of the assump- 
tion that the mixed populations of modern states must contain inter- 
mingled strains of different innate qualities, on which natural selection, 
controlled by legal, social and economic fiictors and changes, is con- 
tinually at work. The different strains in a population will thus 
be altered in their relative numbers. Environment, training and 
education, though undoubtedly they may develop and give op- 
portunity for the display of inborn characters, cannot create them. 

An able man, still more a genius, is born, not made, and the store 
of ability in a people is limited by nature. 

Survival of the fittest is of no use to the race unless the fittest have 
a preponderating number of children, and this conclusion suggested 
an investigation of the average size of the family in different classes 
of the community. A statistical study of records showed that, from 
1831 to 1840, families that had possessed hereditary peerages for at 
least two preceding generations had an average of 7-1 births to each 
fertile marriage, but that, in the decade 1881 to 1890, the number had 
fallen to 3-13. The laymen of sufficient prominence to find a place in 
the page's of Who^s Who had an average of 5*2 children to each fertile 
couple before 1870 and only 3-08 after that date. In clerical families 
the corresponding figures were 4*99 and 4-2. Men in the Regular 
Army, who had attained the rank of Captain at least, gave numbers 
of 4-98 and 2 '07. Thus, while there were differences in detail, the 
broad result emerged that the landed, professional and upper com- 
mercial classes had diminished their output of children to less than 
one-half. An almost equal fall was shown by statistics of Friendly 

‘ W. C. Dampier Whetham and Gathcriiie, D. Whetham, The Family and the Nation^ 

London, 1909. 
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Societies, whose members were drawn from the ranks of the skilled 
artisans. As it needs an average of about four children to each fertile 
marriage to maintain a population unaltered, it is clear that even 
in 1909 the most effective sections of the community were falling 
in numbers both relatively and absolutely. On the other hand, 
Roman Catholic families, the miners (for special causes), the un- 
skilled labourers, and (much more alarming) the feeble-minded were 
maintaining the numbers of their children almost unaltered. 

How serious the effects of this discrepancy might become was 
illustrated by a calculation. If a thrifty strain have three children to 
each fertile marriage and a death-rate of fifteen per 1000, it appeared 
that, in 100 years, each original 1000 would be represented by only 
687 descendants. On the other hand, 1000 of an unthrifty strain, with 
a birth-rate of thirty-three and a death-rate of twenty per 1000, would 
in 100 years have 3600 descendants. If the numbers were equal in 
1870 when the differential birth-rate began to be apparent, by 1970 
the thrifty strain would be but one in six of the total, and by the year 
2070 only one in thirty. It would be lost in the unthrifty stocks of 
predominant fertility. 

During the twenty years that followed this investigation two more 
hopeful signs appeared. A Mental Deficiency Act did something 
(though not enough) to check the torrent of feeble-minded children, 
and, as F, A. Woods proved, both in England and America those 
members of tlic upper classes whose public record shows that they 
render service to the community have more children than do the 
“idle rich”, Woods’ average figures being 2-44 and 1-95 living 
children respectively.^ This result probably indicates a good effect of 
the power of voluntarily controlling the birth-rate. Those who wish 
to evade the trouble, expense and responsibility of several children 
weed themselves out of the race. In 1909^ the hope was expressed 
that it would come to be understood that to produce a larger number 
of children was a duty for healthy, able and conscientious parents, 
and it was pleasant to see that hope being fulfilled. _ 

Nevertheless, for the time, the outlook remains disquieting. The 
intellectual work of the world, on which depends continued progress, 
and indeed the maintenance of the general standard of life, is done 
by a small fraction of the people, drawn for the most part from the 
classes who have cut down their output of children, though now not 

> Journal of Heredity (American Genetic Association), vol. xix, Washington, D.C., 
June 1928. 

* See The Family and the Nation^ p. 228. ^ 
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to the lowest level. Scholarships and other means of advancing the Heredity 
able from all classes may supply the deficiency for a time, but the 
amount of ability in the country is limited, and is proportionately less 
in the lower ranks of society. If it be steadily picked out and raised 
from those ranks, it will be partially sterilized as it rises by a decreased 
birth-rate, and will leave behind it the dead level of an unintelligent 
proletariat. Gradually the strains of ability will be weeded out of the 
nation, with ever increasing danger to civilization. Socialist govern- 
ment, in which the State controls most of the means of production, 
might work with efficiency if not happiness in an autocratic or 
bureaucratic Empire, but it would probably break down in a demo- 
cratic nation. Socialism and democracy, in spite of their association 
in current political phraseology, are probably in practice incom- 
patible with each other. The recent predominance of autocratic 
communism in certain countries supports this idea. 

The differential birth-rate is not the only selective action going on; 
we can trace many others. Probably a tendency to disease is still 
effective in destroying those liable, and thus favouring those stocks 
which are immune. Legislation, passed with quite other objects 
in view, often produces selective effects: death-duties are rapidly 
destroying the old landed families, on which the country has been 
wont to rely for unpaid work in the counties, and underpaid work 
in the Church, the Army and the Navy. Dean Inge argues that 
recent legislation will tend towards the extinction of the intellectual 
middle classes. The birth-rate among textile operatives is low owing 
to the habit of employing women in the textile mills, while that 
among miners, where paid employment is limited to men, remained 
high, at all events till the depression of 1925. We must give up the 
nineteenth-century idea of the nation as a number of individuals of 
equal potential capacity, only waiting for education and opportunity, 
and look on it as an interwoven network of strains of innate hereditary 
qualities, differing profoundly in character and value, and appearing 
and disappearing chiefly in accordance with natural or artificial 
selection. Almost any action, social, economic or legislative, favours 
some of these strains at the expense of others, and alters the average 
biological character of the nation. 

These general ideas were given the weighty support of that eminent 
naturalist William Bateson in papers published in 1912 and 1919.' 

The old birth-rate combined with the new death-rate would have 
hardly left standing room on the earth in a few hundred years. 

‘ William Bateson, loc. cit. p. 359. 
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Restriction of births is therefore necessary, but it is important to 
restrict the bad rather than the good strains in a nation. Moreover, 
competition is not only between individuals but between communities. 
There are inferior races as there are inferior families. Bateson says: 

Philosophers have declared that men arc born equal. The naturalist knows that 
statement to be untrue. Whether we measure the bodily or the intellectual powers 
of men, wc find that the inequality is extreme. Moreover we know that the progress 
of civilization has resulted solely from the work of exceptional men. The rest merely 
copy and labour. By civilization I mean, here as always, not necessarily a social 
ideal, but progress in man’s control over Nature. As between individuals, so 
between nations, there is inequality. . . .The unequal distribution of illustrious men 
among the nations is a biological fad. France, Great Britain, Italy, Germany, and 
some smaller groups, have since the revival of learning contributed many men of 
the magnitude we have now in mind. Some have excelled more in special arts or 
sciences, as for instance, in painting, music, literature, astronomy, chemistry and 
physics, biology or engineering, but in a wide view of these manifold excellences 
there is no obvious disparity to be noted between those nations. 

Bateson points out that some other nations have produced fewer 
great men, and refers that fact to their biological characters. This 
difficult problem cannot be taken as settled; the nations apparently 
inferior may not yet be industrialized; they may remain poor owing 
to the chances of history, and present fewer opportunities for able men 
to emerge. Environment cannot create ability, but it can very easily 
stifle it. Nevertheless, the biological factors have hitherto been in- 
adequately studied bysociologistsandpracticallyignored bypoliticians. 

The outcome of genetic research is to show that human society carij if it so please, 
control its composition more easily than was previously supposed possible. , . . 
Measures may be taken to eliminate strains regarded as unfit and undesirable 
elements in the population.^ 

The hope for the future lies in the sense of responsibility of the 
better stocks in the race. If they increase their output of children, as 
the work of F. A. Woods indicates they are beginning to do, the nations 
of the world can reverse the bad selection of the last seventy years, 
and gradually improve their average of health, beauty and ability. 

The most marked feature of early twentieth-century physiology was 
the extension of the methods of physics and chemistry to physiological 
problems. Indeed, it can almost be said that physiology was resolved 
into biophysics and biochemistry.^ 

The physics and chemistry of colloids are of supreme importance 

' William Bateson, A^ende^s Principles of Heredity ^ Cambridge, 1909, pp. 3 *^ 4 “ 5 - 

2 Sir W. M. Bayliss, Principles of General Physiology y 4th ed. London, 1924, W. R. Fearon, 
Introduction to Biochemistry y and cd. London, i ^0. 
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in biology, for the protoplasm which forms the contents of living cells 
consists of colloids, the nucleus being more solid than the remainder. 
Colloids have also become prominent in agricultural science, for soil, 
formerly conceived of as hard particles worn down from rocks and mixed 
with decaying animal and vegetable matter, is now recognized to be 
a complex structure of organic and inorganic colloids, in which micro- 
organisms play an essential part. The ground beneath our feet is living 
not dead; the function of the soil and its multitude of inhabitants is 
to break up the raw materials it contains, or which it gains from 
without, and to supply them in forms available as food for ])lants. 

The distinclion between crystalloids and colloids was recognized 
by Graham in 1850, and it became clear that at all events one cause 
of the difference in properties was the large size of colloid particles 
compared with the molecules of crystallizable bodies. The solution of 
a crystalloid like sugar or common salt is a homogeneous liquid, but 
the solution of a colloid is a two-phase system, with a definite surface 
of separation between the phases; and area enough to show the 
phenomena of surface tension. 

Some colloid particles are so large that they are visible in a micro- 
scope. The curious and irregular oscillatory motion of such particles 
was noticed by Robert Brown in 1828, and in 1908 Perrin produced 
evidence to show that this Brownian movement was due to the bom- 
bardment of neighbouring molecules. If this be so, the particles 
should acquire the same kinetic energy as the molecules, and, from 
their distribution and motion, three separate methods have given a 
numerical agreement with the consequences of Perrin's hypothesis. 

The investigation of the properties of smaller colloid particles was 
facilitated by the invention of the “ultra-microscope” by Siedentopf 
and Zsigmondy in 1903. The wave-length of visible light lies between 
400 and 700 /x/x (thousandths of a millimetre), and particles smaller 
than this cannot be seen clearly. But, if a beam of intense light be 
directed on to them, it will be scattered, and, if an observer looks at 
the particles through a microscope with its axis at right angles to the 
beam, they will appear as bright discs in Brownian movement, if 
they are about the size of a wave-length, and will show as a general 
haze if they are much smaller. The electron microscope, still more 
powerful, will be described later. 

The theory of colloids was considerably advanced by a study of 
their electrical properties. They move one way or the other in an 
electric field of force, and this shows that they carry positive or 
negative electric charges, probably owing to a preferential adsorption 
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of ions. Sir W. B. Hardy found that, when the surrounding liquid was 
changed slowly, so that from being faintly acid it became faintly 
alkaline, the charge on certain colloids was reversed. At the “iso- 
electric” point, where the charge was neutralized, the system became 
unstable, and the colloid was precipitated from its solution. 

Therefore, it appeared, the electric charge on the particles played 
some important part in their solution. As an example of coagulation 
known to all, we may refer to the fact that, when milk turns sour, the 
casein in it “curdles”. It was known to Faraday that salts coagulate 
solutions of colloidal gold, and this phenomenon was investigated by 
Graham. Schultze noticed in 1882 that the coagulative power de- 
pended on the valency of the ions of the salt, and in 1895 Linder and 
Picton found the average coagulative powers of uni-valent, di-valent 
and tri-valent ions to be proportional to 1:35: 1023. In 1900 Hardy 
proved that the active ion was the one of sign opposite to that on the 
colloid particles. In 1899 the present writer investigated the subject 
by means of the theory of probability, on the assumption that a 
minimum number of unit electric charges had to be brought simul- 
taneously into a certain space to neutralize the opposite charges on 
a number of colloid particles and allow them to coalesce. The electric 
charge carried by an ion is proportional to its chemical valency; 
therefore it will need the conjunction of two tri-valent ions, three 
di-valent ions or six uni-valent ions to give the same charge. Mathe- 
matical calculation shows that the coagulative powers should be as 
I \x\x^^ where x is some unknown number depending on the nature 
of the system. Putting ;<: = 32, we get 1:32:1 024 to compare with the 
observed values given above.^ This is only an approximate theory, for 
it ignores the stabilizing influence of the opposite ion and other dis- 
turbing factors. But the method used seems capable of extension to 
other similar phenomena, indeed to chemical combination itself, while 
similar considerations of probability are now used in chemical thermo- 
dynamics and have become the basis of quantum physics. 

The state of aggregation of the colloids in clay controls, the physical 
nature of heavy soils, which only become porous and fertile when the 
plastic particles are coagulated. Again, since protoplasm is of colloidal 
structure, the electrical and other properties of colloids arc of great 
interest in biology. For instance, the importance of the valency 
relation in physiology may be illustrated by one example discovered 
by Mines in 1912 : the heart of the dog-fish is ten thousand times more 

^ Phil. Mag. [51, vol. XLvra, 1899, p. 474; also Hardy and Whetham, Journal Physiology, 
vol. XXIV, 1899, p. 288. ^ 
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sensitive to the action of various tri-valcnt ions than to a di-valent ion 
such as magnesium. Since coagulation of the colloids would usually 
kill the tissues which contain them, it is fortunate that they can be 
protected from the action of electrolytes. Faraday knew that the pre- 
cipitating effect of “salt” on colloidal gold could be prevented by 
adding a trace of “jelly Many such protective colloids which them- 
selves form emulsions have since been investigated by Mines (1912) 
and other physiologists. The emulsoid seems to form a film over the 
colloid particles, protecting them from the ions. 

As water is purified by repeated distillation, its electrical con- 
ductivity sinks towards a limiting value corresponding to a concen- 
tration of hydrogen (H"^) and hydroxyl (OH~) ions of about lo *’ 
gramme-molecules per litre. ^ If this water be acidified, the hydrogen- 
ion concentration of course rises, and, as a measure of the acidity of a 
medium, this quantity is in constant use, not only in general physical 
chemistry, but especially in soil-science and in physiology. For 
example, in physical chemistry the rate of “inversion” of cane sugar— 
its conversion into dextrose and laevulose — depends on the hydrogen- 
ion concentration. In agriculture, the acidity of soils is a measure of 
their need for treatment with lime. In physiology, the maximum 
range of hydrogen-ion concentration in human blood compatible with 
life appears to lie between lO"^’^ and and the normal limits are 
and lo"’'^. The change from the normal reaction to the most 
acid allowable is only such as occurs when one part of hydrochloric 
acid is added to 50 million of water. 

The animal body contains elaborate mechanisms which preserve 
the exact adjustments necessary for life. For instance, Haldane and 
Priestley (1905) showed that the respiratory nervous centres are very 
sensitive to small increases of carbon dioxide in the blood, so that 
the action of breathing is hastened and the excess of carbon di- 
oxide removed. Later work proved that the controlling factor is the 
hydrogen-ion concentration of the blood as affected by the dissolved 
carbonic acid. There are also direct chemical controls. Various sub- 
stances present in the blood and tissues, such as bicarbonates, phos- 
phates, amino-acids and proteins, react with acids to give neutral 
salts. Thus they shield the tissues from acids and preserve approximate 
neutrality; hence they are known as “buffers”. 

The study of the problems of nutrition was notably advanced during 

» For convenience the hydrogen-ion concentration is usually written as Ph and expressed 
in negative logarithmic terms. Thus, since the hydrogen-ion concentration of pure water 
is 10“’, its Ph ^ 7 - 
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the first quarter of the twentieth century, especially when it was found 
that a diet amply sufficient to supply all energy requirements might 
fail to maintain growth. The classical experiments are those of Sir 
Frederick Gowland Hopkins in 1912. Hopkins showed that young 
rats, fed on chemically pure food, ceased to grow, but that growth 
began again when minute quantities of fresh milk were added. Fresh 
milk therefore contains what Hopkins called accessory food factors ”, 
which are necessary for growth and health. Later work has dis- 
tinguished many different kinds of these bodies, which are usually 
known as vitamins. Vitamins A and D are found chiefly in animal 
fats, such as butter and cod-liver oil, and in green plants, the dis- 
tribution of the two being somewhat different. Vitamin A protects 
generally from infection and also from a form of eye-disease. It was 
later distinguished from D, which is necessary for the proper calcifica- 
tion of bones in the growing animal. A remarkable result appeared 
when it was proved that ultra-violet light, if allowed to act either on 
the child or on the food it ate, produced the same effect as vitamin D 
in preventing the disease of rickets. By extraction from active food- 
stuffs, the chemical substance responsible for this effect was isolated 
in 1927 by several independent workers, and its conversion into the 
vitamin under the influence of ultra-violet light was studied. It is 
a complex alcohol known as ergosterol, and was soon manufactured 
from yeast and irradiated to provide a form of “bottled sunlight”. 
Vitamin B is found in the outer layers of various grains, in yeast, etc., 
and it protects from neuritis and from the disease of the nervous 
system known as beri-beri, which occurs in Eastern populations living 
to a large extent on polished rice. Vitamin C is present in fresh green 
plant tissues, and in certain fruits, especially the lemon, and is 
necessary to prevent scurvy. Later work in America indicated the 
existence of a fifth vitamin connected with the maintenance of fertility. 
In nearly all cases a very small quantity is enough to exert the char- 
acteristic effect. Some of these vitamins have since been separated 
into two or more, thus increasing the total number known. 

The secretory organs have been proved to possess a far greater 
importance in the animal economy than was formerly realized. Besides 
those with obvious secretions such as the salivary glands, there are 
others which pour their products into the blood, and thereby supply 
different parts of the body with substances necessary for their health 
and growth. 

The mechanism and function of these glands of internal secretion 
for long remained mysterious. In-'i902 Bayliss and Starling found 
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that pancreatic secretion, previously thought to be caused by a 
nervous reflex, is induced by a chemical substance formed by the 
action of acid on the intestine and carried through the blood to the 
pancreas. This substance, which they named secretin, is normally 
produced in the course of digestion, when the acid contents of the 
stomach enter the intestine and need the action of the pancreatic 
juice. The discovery of secretin called attention to other similar 
internal secretions, each of which is produced in one organ and carried 
by the blood to others, where its effect is manifested. Hardy suggested 
for these substances the general name of hormones {opfidoj, 1 rouse to 
activity), and this word, adopted by Bayliss and Starling, has become 
current in physiological literature. 

Early in 1922 Banting and Best obtained from the pancreas of the 
sheep an extract which, injected into dogs rendered diabetic by 
removal of the pancreas, caused a regular reduction of the abnormally 
high concentration of sugar in the blood, by restoring the power of 
using the sugar. The extract is a hormone, which has been named 
insulin. It is now prepared on a large scale, and successfully used in 
alleviation of human diabetes. 

The secretion of the thyroid gland is necessary for both bodily and 
mental health. If absent in the young, growth slows down, and the 
variety of idiocy known as cretinism results, while the patient assumes 
a characteristic physical appearance. Deficiency of thyroid occurring 
in the adult causes the state known as myxoedema. These conditions 
can be cured by treatment with thyroid extract, as was described in 
Chapter vii. On the other hand, excess of the hormone causes Graves’ 
disease, exophthalmic goitre. The active principle of the gland, known 
as thyroxin, was isolated by Kendall in 1919, and its chemical con- 
stitution was determined by Harington (1926), who also synthesized 
it in the laboratory. Thyroxin contains a large amount of iodine, and 
it has been found that a diet deficient in iodine may produce disease, 
while the simple administration of salts of iodine may sometimes 
have the same effect as giving thyroid extract. The need in the 
animal economy of iodine and other mineral constituents of food has 
also been demonstrated by experiments on the feeding of cattle and 
other farm animals. 

Some of the effects of the removal of the sexual glands have been 
known for centuries, but the subject has only been accurately studied 
in recent years. This work may be said to have begun in 1910 with 
the experiments of Steinach, who showed that qualities absent from 
castrated frogs could be developed by the injection of the substance 
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of the testes of other frogs. Later experiments have shown that 
grafting the glands into mutilated or senile animals results, temporarily 
at all events, in a return of vigour. 

Other examples of the action of internal secretions might be given. 
The small pituitary gland when over-active produces gigantism and 
a distortion of the features known as acromegaly, while want of 
pituitary secretion appears to cause dwarfism. Adrenalin, a hormone 
found in the suprarenal bodies, is discharged into the blood in con- 
ditions, such as fright, anaesthesia, etc., which stimulate certain nerves 
called the splanchnic nerves. Conversely, injection of adrenalin pro- 
duces the physical symptoms which accompany emotion or fear. This 
hormone was isolated and its chemical constitution determined in 
1 90 1 by the J a pancse Taka mine . 

While in the past, physiology has been open rather to biochemical 
than to biophysical investigation, at the present time physical 
methods of study are used more and morc.^ For example, 
measurements of osmotic pressure and of rates of sedimentation 
have been used to estimate the molecular weights of proteins (sec 
pp. 256, 431). 

Sir William and Sir Lawrence Bragg’s method of examining crystal 
structure, which will be described in a later chapter, has been 
applied to fibrous substances such as cellulose, silk fibroin, the keratin 
of hair, and the myosin of muscle. Astbury and others find that 
X-ray photographs make it possible to explain in molecular terms 
the fibrous nature of these substances, and also the reversible change 
undergone by myosin and keratin on stretching. Langmuir's use of 
the constitutional formulae of organic substances to explain their 
physical properties has been carried further by N. K. Adam, who 
has found that the spatial arrangement of the atoms accounts for 
the behaviour of different molecules in surface films. 

F. G. Donnan’s theory of membrane equilibria, published in 191 1, 
applies to a system of electrolytes divided by a membrane which is 
impermeable to one of the ionic species, usually a colloid. There will, 
according to the theory, be an unequal distribution of the diffusible 
ions between the two sides of the membrane, and a consequent 
difference in electric potential . and osmotic pressure between the 
solutions on the two sides. This theory has many biological applica- 
tions. By means of it, Loeb in 1 924 successfully explained the colloidal 
behaviour of proteins, and later Van Slyke and his co-workers 
interpreted ionic events in the blood stream. 

^ Schmidt, Chemistry of the Amino-acids and Proteins, Springfield and Baltimore, 1 938. 
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The chemistry as well as the physics of blood has lately become 
better understood.^ The non-protein (or hacmatin) part of the haemo- 
globin molecule has been proved to consist of four pyrrole rings linked 
by an iron atom, and to be common to the respiratory substances of 
many forms of life. In the blood of all vertebrates and of some other 
animals, it is found combined with the protein globin as the oxygen- 
carrying substance haemoglobin. In almost all living cells it occurs 
in the group of respiratory catalysts known as cytochromes. In plants, 
Willstattcr has shown the nucleus of the chlorophyll molecule to be 
essentially similar to haematin, with a magnesium atom replacing 
iron. He found two chlorophylls with slightly difierent composition, 
and in 1934 he was able to give diagrams of the structural formulae. 
Other metals also can enter into respiratory substances; for example, 
a compound of copper with a polypeptide is found in molluscs and 
crustaceans, and a vanadium-protein compound in the group of sea- 
creatures known as tunicates. 

Parallel with work on oxygen-transport in the blood has proceeded 
work on oxidations in the tissues.^ These changes are of all degrees of 
complexity, but in every case involve action of enzymes on fuel mole- 
cules, allowing hydrogen atoms to be detached. Wieland ascertained 
that this process is effected by numerous specific enzymes, the de- 
hydrogenases, present in all living tissues. In the simplest case, a 
molecule acted on by one of these dehydrogenases can yield up 
hydrogen to combine directly with oxygen. Usually, one or more 
respiratory carriers intervene in the process. These are substances 
which can be reversibly reduced and oxidized, so that they can 
receive hydrogen atoms and hand them on. Among them are Otto 
Warburg’s tissue oxidase and ‘‘yellow enzyme”, the latter a combi- 
nation of vitamin 83 with protein; the co-dchydrogenasc enzymes; 
Szent-Gyorgyi’s chain of 4-carbon dicarboxylic acids; Hopkins’s 
tripeptide glutathione; and ascorbic acid (vitamin G). 

The main advances in the work on respiratory enzymes have usually 
been obtained through the discovery of some specific poison for one 
of the enzymes involved. For example, oxidases are put out of action 
by cyanides, and dehydrogenases by narcotics, and the oxidation of 
succinic acid is checked in the presence of malonic acid. 

Besides the oxidation of foodstuff molecules by successive removals 
t)f hydrogen, there occur in the tissues hydrolytic breakdowns, in- 
volving the addition of water at the point of division, and also the 
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splitting off of amino-groups. The processes leading to the excretion 
of these as urea have recently been investigated by Krebs, who finds 
a complicated cycle of reactions where a simple condensation of 
ammonia and carbon dioxide to give urea had been assumed to occur. 
How the small fragments left after these various processes are finally 
oxidized to yield the rest of the energy available is not yet understood. 
The production of carbon dioxide in the cell appears to be due to 
the carboxylase enzymes, which set free carbon dioxide from the 
— C — COOH group; their activity requires the presence of the 
enzyme co-carboxylase, a phosphate of vitamin Bj . Carbon dioxide 
is carried in the blood as bicarbonate, and Meldrum and Roughton 
have separated from haemoglobin tiie enzyme carbonic anhydrase,^ 
responsible for the rapid release of carbon dioxide from blood bicar- 
bonate in the lungs. 

The cell can obtain energy without oxidation, by fermentation, the 
anaerobic disintegration of molecules. As Pasteur discovered, in the 
yeast cell the two processes are antagonistic, fermentation occurring 
in the absence of oxygen, and ceasing as oxidation is promoted. 
A reaction of this type is the breakdown of glycogen to lactic acid in 
muscle, the process responsible for muscular contraction, which was 
discovered by (Sir F. G.) Hopkins and (Sir W. M.) Fletcher in 1907. It 
has been analysed recently into eight chemical stages, involving the 
presence of two substances as phosphate carriers, and catalysed by a 
system of at least ten enzymes. Meyerhof, Embden, and Parnas have 
been among the chief workers in this field.^ The equally complex 
fermentation of starch to alcohol by yeast has also been analysed, some 
stages in the process being identical with the muscle reactions. 

Vitamins have been mentioned among the respiratory carriers and 
enzymes of the cell . The chemical structures of some of these substances, 
and the parts they play in the intricacies of cell metabolism, were 
becoming known before the war of 1939, thanks to the laborious 
endeavours of workers in many countries.^ But for some time after 
their discovery, the only vitamin to have been identified chemically 
was the antirachitic vitamin D; how this substance exerts its function 
of regulating calcium and phosphorus metabolism remains obscure. 
Vitamin A, found by von Euler in 1929 to be closely allied to the 
plant pigment carotene, a complex unsaturated alcohol, is necessary 

• C. A. Lovatt Evans, Recent Advances in Physiology, 6th ed., revised by W. H, Newton, 
London, 1939. 

^ Perspectives in Biochemistry. 

“ W. R. Fearon, Introduction to Biochemistry^ 2nd ed. London, 1940. L. J. Harris, The 
Vitamins, Cambridge, 1938. 
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for the maintenance in health of certain tissues, including the central Biophysics 
nervous system, the retina, and the skin. Night blindness is an early 
symptom of vitamin A deficiency, and the chemical reactions by which ^ 

the vitamin reconstitutes the photo-sensitive chromo-protein of the 
retina have been elucidated by Wald. Vitamin E, involved in the 
maintenance of mammalian fertility, and vitamin K, required for 
normal coagulation of blood and protection against haemorrhage, 
have also been chemically identified; both are quinone derivatives. 

“Vitamin B ” has proved to be a mixture of substances. Vitamin Bj , 
or aneurin, the anti-ncuritic vitamin, found in yeast, plant seeds, etc., 
was isolated in crystalline form by several groups of workers, and 
identified as a pyrimidine-thiazole compound. As mentioned above, 
it acts as part of the decarboxylase enzyme system which breaks down 
partially oxidized carbohydrate products, and it is the accumulation 
of these products in the absence of sufficient vitamin that causes the 
characteristic symptoms of polyneuritis and beri-beri. Some patients 
need the mass action of isolated Bj for a cure.^ Vitamin Bo , chemically 
ribo-flavin, is also concerned in cell oxidations. Another component 
of the vitamin B complex is nicotinic acid, a substance known for 
many years as present in tobacco ; it is a constituent of the co-dehydro- 
genase enzymes, and it probably assists in preventing pellagra, a 
jjoverty disease of populations confined mainly to a diet of maize meal. 

An allied pyridine compound, vitamin Bg, prevents a pellagra-like 
dermatitis occurring in rats. Factors known at present as B3, B4, and 
Br, are under investigation, and an interesting species difference has 
appeared, B-j being necessary for birds, and B4 for mammals. 

Bj is necessary for all forms of animal life, and for plant life as well, 
being stored especially in plant seeds. Most plants are able to make it 
for themselves, but some bacteria, yeasts and fungi have the same need 
as animals for external supplies. Vitamin C, ascorbic acid, seems to be 
synthesized by most animals; the only species known to be liable to 
scurvy when deprived of the vitamin are man, monkey, and guinea- 
pig. Chemically, C is the simplest of the vitamins, being an unstable, 
highly reducing compound of formula CgHgOg, allied to sugar in 
structure (see p. 253), and probably acting as a hydrogen-transport 
agent in cell metabolism. Its formation precedes that of chlorophyll 
and the carotinoids in germinating seeds, and it is likely that vitamin C 
will prove to be part of the mechanism for synthesizing these funda- 
mental substances. In the animal body, it is present in large amounts 
in two of the endocrine glands, the pituitary and the adrenal cortex. 

‘ E.g, the author of this book, during an attack of polyneuritis. 
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Vitamins have been defined as essential foodstuffs required only in 
minimal quantity. Again, they may be regarded as hormones which 
the organism is unable to produce lor itself, hormones, like vitamins, 
being substances necessary in small amounts for the health and growth 
of various parts of the body. The study of the cndocrines, or hormones 
produced by the glands of internal secretion, has become so specialized 
that it forms a new science of endocrinology, lying on the borderlines 
of physiology and pathology.^ 

Progress in our knowledge of the sex hormones has recently been 
rapid. Early work on the testicular hormone (p. 337) was followed by 
Allen and Doisy’s discovery of new methods of demonstrating the 
re-establishment by ovarian extract of the ocstrous cycle in rats de- 
prived of ovaries. In 1927, Aschheim and Zondek found a convenient 
source of “ oestrogen’* in the urine of pregnant animals, f our closely 
allied oe.strogens, collectively known as oestrin, have been isolated 
and chemically identified, and from the ovary is derived a filth and 
most active, oestradiol. A related substance, progesterone, is found in 
the corpus lutcum which forms in the ovary after the escape of the 
ovum, and is concerned with preparation for, and maintenance ol, 
pregnancy. Four chemically similar androgens, or male sex hormones, 
have also been identified. Marrian (1930) has pointed out that both 
male and female hormones occur in animals of cither sex, and they 
have been detected in plants also; a single substance may act as 
male or female hormone according to conditions. Th(' sex hormones 
mentioned above are aU sterols, derivatives of the hydrocarbon phen- 
anthrcnc; they are closely related to vitamin D, which is slightly 
oestrogenic, and to the cancer-producing substances isolated from 
coal-tar by Kennaway and others. However, the sterol structure is 
not necessary for oestrogenic activity, for Dodds and his colleagues 
have synthesized powerfully oestrogenic substances of a much simpler 
hydrocarbon type. 

Work on the sex hormones, and on pituitary secretion, has led to 
an understanding of the complicated horrnonic pattern -of the female 
sex cycle, and valuable therapeutic possibilities have been opened up. 
Useful tests for pregnancy depend on the recognition in urine of 
horrnonic substances released into the circulation from the placenta. 

Active preparations have been made recently of the hormones of 
the cortex of the adrenal gland, and have been found by Kendall to 
contain a mixture of sterol-like substances, for which the cortex 
appears to be a factory or storage depot. Cortical deficiency is known 

^ Cameron, Recent Advances in Endocrinology, 4th cd. London, 1940' 
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medically as Addison’s disease, and experimental removal of the 
cortex leads to death in a few days. 

The hormone of the parathyroid glands was first extracted in active 
form by Collip, in 1924, and was found to be apparently of protein 
nature. It regulates calcium and phosphorus metabolism. Deficiency 
of the hormone leads to lowered blood calcium ; this may bring about 
tetany, a hyperexcitability of the nervous system, with attacks of 
muscular spasm, which often used to occur after surgical removal of 
a diseased thyroid gland, owing to removal of the unrecognized 
parathyroid glands also. 

Perhaps the most interesting feature of recent work on the hormones 
is the recognition of the overriding and co-ordinating role of the 
pituitary gland. Pituitary hormones are responsible for evoking the 
secretion of the oestrogens and androgens, and the formation of the 
corpus luteum, thus determining the onset of puberty, the main- 
tenance of the female sex cycle, and the course of events in pregnancy. 
A pituitary factor is responsible for the onset of lactation, and its 
effects can be demonstrated on the mammary glands of a female 
animal without ovaries or even of a male animal. Pituitary secretion 
also affects the thyroid gland and adrenal cortex. Pituitary extracts 
tend to raise body metabolism as a whole, increasing the amount of 
fat oxidized, but depressing carbohydrate consumption. I’he pituitary 
hormones have not yet been chemically identified; they appear to be 
of protein nature. 

The group of hormones is extended by some writers to include, 
under the name of neurocrines, the substances which are involved in 
the chemical transmission of influences from nerve endings to effector 
cells. ^ Such a substance is acetyl choline, known since 1867. In 1906 
it was found that acetyl choline causes, when introduced into the 
circulation, a sharp but transient fall in blood pressure, due to 
temporary dilatation of the arterioles. This and other reactions pro- 
duced by acetyl choline were found to resemble in general those 
caused by stimulating the vagus nerve or other nerves of the parasym- 
pathetic system, and Loewi and Navratil concluded that acetyl choline 
is probably the chemical transmitter of the nerve impulse. Owing to 
the presence of a specific hydrolysing enzyme, acetyl choline is ex- 
tremely short-lived in the tissues, and it was not isolated from animal 
sources until Dale and Dudley obtained it from spleen in 1929. Just 
as acetyl choline seems to be released at the nerve endings of the 
parasympathetic system, so a transmitter substance is produced by 

* Lovatt Evans, loc. cit. 
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stimulation of the sympathetic system. It has been, named “sym- 
pathin” by Cannon, to whom much of the work on the subject is due. 
In many ways, it resembles adrenalin, the hormone of the medulla of 
the adrenal gland, e.g. in raising blood pressure, and rate of heart 
beat, but the two are thought to be co-operating rather than identical 
substances. 

Modern physiology and biochemistry are slowly working their way 
into medicine, while clinical medicine is not only formulating problems 
but also giving information to the underlying sciences. As an example 
we may take gastric phenomena.^ The recent story is based on 
William Beaumont’s old work on the gastric processes in the stomach 
of a man with a gun-shot wound (1833), Bernard’s investigations on 
the alimentary canal, and Pavlov’s later experiments on the digestive 
glands, linking together physiology, pathology, and therapeutics.^ 
The advent of radiology, and the use in 1 897 by Cannon of an opaque 
meal containing bismuth, have enabled clinicians to examine the 
alimentary tract in a way impossible before. 

The influence of diet is illustrated by the work of Minot of Harvard, 
who found in 1926 that pernicious anaemia, formerly usually fatal, was 
curable or held in check by feeding the patient on liver, or injecting 
liver extract. Castle in 1928 found that meat products from a normal 
stomach possessed similar properties, and Melengracht in 1 935 showed 
that the pyloric glands of the pig’s stomach also contain this anti- 
anaemic factor, which appears to be normally formed in the stomach, 
absorbed from the intestine, and stored in the liver. Another example of 
practical medicine interacting with theoretical physiology is miner’s 
cramp. Men doing heavy work in a hot atmosphere sweat profusely, and 
lose much salt in the sweat; if they drink fresh water the body fluids 
become too dilute, and disabling cramps result. Miners and stokers 
have a natural craving for heavily salted foods, and recently, on the 
suggestion of physiologists, have found it possible to avoid cramp by 
drinking a weak salt solution instead of water. 

Since the early editions of this book appeared much work has been 
done on ultra-microscopic viruses. Many human diseases, such as 
small-pox, yellow-fever, measles, influenza and the common cold, 
now recognized as due to viruses, have long been studied; and in 
cattle, foot-and-mouth disease, in dogs, distemper, in plants, tulip- 

' See p. 258; also J. A. Ryle, Chapter vii in Background to Modem Science, Cambridge, 
1930 - 

* Pavlov, 77 te Work of the Digestive Glands, Lcjpdon, 1910. 

® Kenneth M. Smith, F.R.S., The Virus, Cambridge, 1940. 
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break, potato-leaf-roll, and tobacco-mosaic, are sortie of the best- Viruses 
known examples of affections now referred to viruses. 

While bacteria can be filtered from the fluids containing them by 
unglazed porcelain, or compressed infusorial earth, viruses pass such 
filters with the liquids. In 1892 Ivanovski proved this fact with 
tobacco-mosaic, and it was rediscovered by Beizcrinck seven years 
later. Loeffler and Frosch showed the same phenomenon with foot- 
and-mouth disease. However, special filters can now be made of' 
collodion films, prepared by the action of amyl alcohol and acetone 
on nitro-ccllulose, and possessing minute pores of regular size, which 
can be measured by the rate of flow of water through a given area 
of film. 

These films give one method of estimating the size of virus particles, 
though difficulty arises from differences in shape — e.g. rods and 
spheres. Other methods depend on photography, on the ultra-violet 
microscope, on a high-power centrifuge, and on an electron micro- 
scope, in which a magnetic field acts on electronic rays in vacuo. The 
results agree adequately with each other. Particles are found ranging 
from those which approach small bacteria in size, say 300 millimicrons, 
to those of foot-and-mouth disease, the smallest yet measured — about 
10 millimicrons — a millimicron being the millionth of a millimetre. 

The chief problem which confronts us is the nature of the virus — is it 
a minute living organism or a large chemical molecule ? W. M. Stanley, 
an American working at Princeton, using the chemical method of 
'\salting out”, obtained from a suspension of tobacco-mosaic virus 
a protein of high molecular weight which had all the properties of the 
virus. This protein has crystalline affinities, and some viruses arc 
regular crystals. At the same time they have some of the properties of 
living organisms; the diseases they cause are infectious, and the virus 
particles reproduce themselves in the new host. Gortner and Laidlaw 
independently have put forward the view that viruses are a highly 
specialized form of parasitic organism. We may perhaps visualize a 
naked nucleus using the host’s protoplasm. 

There is so much to be said for both the chemical and biological 
theories that we may perhaps follow Kenneth Smith who writes: 
'"There is no precise definition of a living thing or exact criterion of 
life. We cannot do better here than quote a remark made over 2000 
years ago by Aristotle: ‘Nature makes so gradual a transition from 
the inanimate to the animate kingdom that the boundary lines which 
separate them are indistinct and doubtful.’ ” Let us then leave this 
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Viruses problem, at present indeterminate, and regard viruses as border-line 
entities, at all events until more evidence is available. 

The methods by which viruses travel are various. Within an animal 
host, they may move through the blood, nerves, or lymph, according 
to the kind of virus, while the transmission from one host to another 
is often a complex process, and its investigation may involve extensive 
and sometimes unsuccessful experiments. Some viruses are water- 
borne, and some air-borne. The virus of epidemic influenza retains 
its infective power for periods up to one hour when suspended in 
droplets of water floating in air. A plant virus causing tobacco-necrosis 
is an example of an air-borne infection. Sometimes a wound is 
necessary for entry into a new host, e.g. a scratch on an animal, or 
a bruised root-hair in a plant. Some viruses are carried by insect 
vectors, such as the greenfly, or aphis, which feeds on roses, and most 
of these carrier insects extract the sap and get the infection by 
means of a long sucking beak. Virus diseases of tomatoes and orna- 
mental plants are conveyed by insects known as thrips, while the virus 
of louping-ill in sheep, and that of red-walcr in cattle, are carried by 
ticks. Kenneth Smith has discovered a plant disease to produce vsdiich 
two viruses are needed, one borne by insects and one otherwise. These 
are merely examples, but they serve to show how diverse and how 
complex these relations arc. 

The method of conveyance is still unknown in miiny cases, both in 
plants and animals. The problem set us by foot-and-mouth disease is 
specially difficult. In some epidemics there seems to be no mechanical 
connection between one outbreak and another. Common insects seem 
not to be responsible; the infection may travel against the wind, so it 
is probably not wind borne. Possibly some animal, such as the rabbit, 
the rat, or the hedgehog, should sometimes be blamed, while the 
suggestion has been made that the virus is carried on the feet of 
migratory flocks of starlings, coming from the Continent. This idea is 
supported by the fact that sudden outbreaks rarely occur in Scotland, 
where migratory starlings do not go. 

Immunity Experiments on the nature of viruses, and on their mode of trans- 
mission, enable us to make better attempts than would otherwise b(' 
possible, to prevent and control their ravages, though some early 
empirical methods were successful. In Chapter vii an account is 
given of the introduction of inoculation for small-pox, and the later 
change to vaccination, first tried by Benjamin Jesty, and examined 
more fully by Edward Jenner. An infectious disease is often found to 
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make the sufferer immune to further attacks, and the cow-pox or Immunity 
vaccine used by Jenner, a weak strain of the small-pox virus, producing 
a mild local disease, is able to immunize the body against the virulent 
infection, probably by the formation of the same protective antibodies 
which are effective after small-pox itself. Similarly, Pasteur prepared 
weakened strains of rabies virus from the spinal cords of infected 
rabbits, and these weakened strains, if injected soon after exposure 
to the disease, were found to produce protective antibodies before the 
virulent strain could multiply. 

The nature of the complex process called immunity is still far from 
clear. The discovery of “antitoxin” in the scrum of animals im- 
munized to tetanus was made by Behring and Kitasato in 1890, aiicl 
was soon followed by observations which showed that the ability of 
an animal to produce antitoxins is a very general phenomenon. 

Paul Ehrlich, chemist and bacteriologist, who was responsible for 
mucli of the early work on immunity, showed in 1891 that the 
vegetable proteins ricin and abrin each caused th(‘ production of a 
specific antitoxin when injected into animals. 

By the end of the nineteenth century, it was recognized that the 
body reacts to the injection of bacteria and many other substances of 
a protein nature by developing new compounds which neutralize 
llie substance injected. These new substances appear in the blood and 
body tissues and arc known as “antibodies”. The substances capable 
of causing this reaction are called “antigens”. 

More recently, the chemical basis of the specific properties of 
antigens has been demonstrated by Landsteiner, who prepared artificial 
antigens by coupling diazotized aromatic amines with proteins, and 
showed that the specificity was determined by the diazotized amine 
and not by the protein moiety of the molecule (1917). A further ad- 
vance was made in 1923 by Heidelberger and Avery, who found 
that the “soluble specific substances” of the pneumococcus which 
act as antigens were chemically distinct, nitrogen-free polysaccharides. 

The reactions between antigen and antibody are difficult of inter- 
pretation; immune reactions have been explained as the combination 
of oppositely charged colloidal particles, or as adsorption phenomena. 

Ehrlich maintained that actual chemical combination in definite pro- 
portions took place between antigen and antibody. Later work by 
Heidelberger and Kendal (1935) gives strong evidence of the chemical 
union of antigen and antibody in multiple proportions, and according 
to Heidelberger it is possible to express this union in terms of the laws 
of classical chemistry. 
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Immunity Some virus diseases, such as foot-and-mouth disease in cattle and 
influenza in man, may shoMr a variety of different strains, and im- 
munity to one strain may not proUxt from others. But recently a 
vaccine was produced in Copenhagen which it was hoped would 
protect from the three main strains of foot-and-mouth virus. 

Dunkin and Laidlaw found that the virus of distemper in dogs, 
weakened by formaldehyde, still gave a certain immunity which 
could be confirmed by subsequent injections of active virus. A second 
method depends on a double injection of active virus on one side of 
the animal, and of immune serum on the other. 

Oceanography The work on oceanography described in Chapter vii has been 
followed by more recent investigations, especially in the ecology of 
fish. The migrations of fish are both of biological interest and also of 
practical importance in commercial fisheries.^ Usually we find a 
spawning movement towards a definite area, generally up-stream, 
then a dispersion down-stream in search of food. As examples we may 
take the cod and plaice in the North Sea, where the eggs and larvae 
are pelagic, and the salmon, which deposits its eggs in the upper 
reaches of rivers and streams, moves down to the sea, and back when 
mature to the same waters, thus showing individual memory. 

The European eel spends its adult life in fresh waters and (as shown 
by Johannes Schmidt) migrates thousands of miles to spawn in the 
deep water of the Sargasso Sea. Schmidt also found that four other 
species of eel, which inhabit Sumatra, breed in a deep trough lying 
ofl’ the west coast, where they find near at hand water of the right 
depth (5000 metres) and appropriate salinity. 

Many sea fish feed on diatoms and other minute organisms, which 
as stated in Chapter vii, are collectively known as plankton. A study 
of the prevalence and drift of plankton in the sea, shows where food, 
and therefore fish, will later be found, and further information has 
accumulated since that Chapter was written. Much work has also 
been done, especially by Professor A. C. Hardy of Hull, -on the drift 
of insects in the air over the North Sea.^ 

Genetics^ Since the earlier discoveries on cytology and chromosomes de- 
scribed above, much new work has been done, which has helped 

* E. S. Russell, “Fish migration”, Biological Rev. Cambridge, Phil. Soc. July, 1937. 

® See Reports of Development Commisswners^ H.M. Statior^ery Office. 

® C. H. Waddington, How Ammals Develop, London, 1935; Introduction to Modern Genetics, 
liOndon, 1939. J. B. S. Haldane, in Background to Modem Science, Cambridge, 1938. 
R. C. PunncU, in Background to Modem Scwice, Cambridge, 1938. G. D. Darlington, Recent 
Advances in Cytology, London, 1937. Evolution of Genetic Systems, Cambridge, 1939. G. D. H. 
Bell, The Farmers' Guide to Agricultural Research, J. Roy. Agric. Soc. 1932. 
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forward the science of genetics, and begun to affect the practical art Genetics 
of the plant and animal breeders. 

Chromosomes, bearing the hereditary factors or genes, occur in 
pairs in every cell, and in every cell-division each chromosome splits 
in half to reproduce the same number of pairs in the two new cell 
nuclei. But in the formation of reproductive cells the pairs of chromo- 
somes separate, one going to each new cell, a process termed meiosis. 

The number of chromosomes in a reproductive cell is considered basic, 
and is called the “haploid” number. When fertilization occurs, two 
haploid numbers are brought together by the union of two nuclei, and 
the resulting new individual is said to be “diploid” in chromosome 
number. But multiplication of the chromosomes, or polyploidy, may 
take place, and more than two haploid sets may appear in the new 
vegetative cells. Thus there may appear triploids, tetraploids, etc., 
when the cells contain three or four or more times the haploid chromo- 
some number. Polyploidy occurs, for example, in wheat, in oats, and 
in cultivated fruits. Thus sweet cherries arc diploids, plums are hexa- 
ploids, while apples may be somewhat complex diploids or triploids. 

The polyploid state greatly affects questions of sterility; if a polyploid 
has an odd number of chromosomes in its vegetative cell which cannot 
be equally halved in the formation of reproductive cells, then irregu- 
larities in chromosome distribution are bound to take place, generally 
leading to sterility. For instance, in the genus Prunus, the odd multiple 
])olyploids arc so highly sterile that they produce no fruit, and are 
grown as flowering ornaments only. Many varieties of fruit, such as 
Clox’s Orange Pippin among apples, various plums and all wSweet 
cherries, are unable to fertilize themselves, and need the near presence 
of some other variety to set their fruit. 

Progress has been made in solving the question of sex determination, 
in which two factors, hereditary and developmental, are involved. 

The suggestion set forth above to explain the near equality in 
the numbers of boys and girls is now known to be true. In man, 
and in various other groups of animals, all female germ cells carry 
the female quality only, while half the male cells carry maleness 
and half femaleness. In other groups of animals the relation is 
reversed and the female has both kinds of germ cells. The chromo- 
somes which determine sex have, in some cases, been identified 
microscopically. For example, in the fruit fly Dtosopkildy on which 
so much genetic work has been done, the sex chromosomes are 
visible in the cells of the male in an unequal pair, one being hooked 
in shape. . 

Developmental factors in sex determination have been investigated 
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Genetics especially by Crew,^ who has described the reversal of sex in fowls. 
The sex hormones play a part here. The case of the “freemartin” may 
be recalled — where a heifer calf is rendered sterile by the hormones 
of the twin bull calf. The potentially hermaphrodite larvae of the sea- 
creature, Bonellia, grow into male or female adults according as they 
attach themselves during development to another female or to the 
sea-floor. Chemically, like viruses, their chromosomes are composed 
of nucleo-protein, and the genes in the chromosomes, again like 
viruses, cither reproduce themselves or persuade the rest of the cell 
to reproduce them. 

The precise chemical stage of metabolism affected by a gene is now 
known in some cases. Thus in the mouse a gene has been discovered 
which causes dwarfing; the dwarf mice lack the cells that produce 
two pituitary hormones, and grow normally if the hormones are 
injected. A biochemical account of the action of thirty-five genes con- 
cerned in the production of flower pigments has been supplied by 
Miss Scott Moncrieff. The gene causing albinism leads to the absence 
of a pigment-producing enzyme from the cells of albino animals. 
A number of genes are known which are lethal to the organism, some 
])reventing any development, others bringing it to an untimely end, 
as in plants which inherit genes inhibiting chlorophyll formation. 

In this field the sciences of genetics and biochemistry now interact 
usefully; the geneticist helping the biochemist to analyse metabolic 
processes into successive stages, and the biochemist suggesting to the 
geneticist what genes are doing, and perhaps ultimately what they 
are. It is the duty of the biophysicist and biochemist to describe the 
phenomena of life as far as may be in terms of physics and chemistry, 
but there are still regions where, for the time at any rate, these 
explanations remain insufficient. For instance, as Sherrington insists,*^ 
the development of the various bodily organs in the embryo takes 
place before the function for which the organ is designed can be 
brought into play; all the complex structure of the eye is built up 
before the eye can see. Sensation and consciousness too are beyond 
physics and chemistry. 

In the study of reproduction it is found that fertilization consists 
of two processes, stimulation of the ovum and the union of the egg and 
sperm nuclei. The process was first described in 1875 by Oscar Hert- 
wig, who watched a sperm cell entering the egg of an echinoderm 
and saw the fusion of the two nuclei. Stimulation may sometimes be 

' F. A. E. Grew, Genetics of Sexually, Cambridge, 1927. 

Sir Charles Sherrington Man on his Nature, Cambridge, 1 940. 
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effected parthcno-gcnetically, and on this process much new work Genetics 
has been done; Spemann, for instance, having produced artificial 
twins. If a developing ovum divides by falling into two halves, it 
forms ‘‘identical twins*’, while if two ova are fertilized simultaneously 
‘‘fraternal twins” result, which may be no more alike than any two 
children of the same parents. 

For this work Spemann used modern methods of micro-surgery, 
investigating newts, since technical difficulties occur in such work 011 
mammals. Pieces of tissue in special parts of an embryo determine 
the course of development, and are called by^ Spemann “organiza- 
tion centres”. They seem to contain active chemical substances which 
give the necessary stimulus. For instance one of the “organizers” in 
Amphibia is chemically a sterol, like the sex hormones, vitamin D, 
and certain cancer-producing substances. 

The further development of embryos has been traced, among others, 
by Vogt of Zurich, who touched gastrulating embryos with dye, and 
then watched the changes in the coloured cells. The study of the food 
supply of embryos was simplified by the collection of the known hicts 
in Needham’s book on chemical embryology.^ 

The rediscovery, about 1 900, of Mendel's work, was followed by 
a controversy between Mcndelians led by Bateson and Biometricians 
Ic'd by Karl Pearson and Weldon, who held the strict Darwinian view 
that evolution proceeded from small and continuous variations. Later 
years have seen the synthesis of these two opposing views, largely by 
the work of R. A. Fisher, who has made a new tool for research by his 
work in mathematical statistics. To test whether a set of hicts con- 
forms to Mcndelian rules we now use the mathematical criteria 
invented by Pearson, and for examples of Mcndehan inheritance in 
man, we turn to Pearson’s collection of data. A somewhat speculative 
evolutionary theory based both on Darwinism and Mcndelism has 
been developed mathematically by Norton, Haldane, Fisher and 
Wright, the gene rather than the individual being the chief unit. The 
study of the genetics of natural populations, started by Tsetverikov, 
has shown that in races apparently homogeneous large numbers of 
recessive genes may exist. The rate of natural selection will be higher 
the greater the varieties in a population, for the faster will the unfit 
be eliminated; according to Fisher, the rate of increase in fitness is 
proportional to the genetic variance. 

The mutations which arc the basis of Mcndelian development often 
occur normally, some being explicable by chromosome events. But 

* J. Needham, Chemical Embryology Cambridge, 1931. 



FURTHER DEVELOPMENT IN 


352 

Genetics Mullcr has found that in Drosophila the action of X-rays causes an 
increase in the number of mutations. 

Recent discoveries of the remains of fossil man-like apes and ape- 
like men have given evidence on human evolution.^ Fossils from Java 
and China show much similarity, but the Chinese Pithecanthropus 
Pekinesis suggests a slightly higher grade ofMevelopment. Other 
palaeontological evidence of the origin of the Hominidae is found in 
dryopithecine fossils in the Tertiary deposits called Miocene and 
Pliocene. In some species of these fossils an approach to the special 
characters of modern anthropoid apes is seen, and this suggests that 
the divergence of the line leading to the Hominidae from that of the 
anthropoid apes, must have occurred in early Miocene times. 

Recently discovered fossil apes from South Africa emphasize the 
possibilities of the Dryopithecinae as ancestors of the Hominidae, 
though a gap still exists needing more palaeontological discoveries to 
fill it. But the new material of the Pithecanthropus group serves to 
point to its hominid status; in particular the limb bones are com- 
parable with those of modern man. Thus it is probable that the Pithe- 
canthropus group gave the basis for the development of later types 
of man, an aberrant line being the Neanderthal type of later 
Mousterian date. 

Passing to a consideration of fossils in general, we observe that, 
while Cambrian rocks, such as are found in North Wales, contain 
examples of most of the main groups, the fossil record fails below the 
beginning of Cambrian times. Somewhere between the Cambrian 
age, perhaps 500 million years ago and that of the oldest rocks, which 
radio-active evidence places at about 2000 million years, life must 
have appeared on the Earth.^ The problem of the origin of life is still 
unsolved. The spontaneous generation of bacteria and other germs 
was disproved by Spallanzani and Pasteur (pp. 186, 264). It has 
been suggested that living matter may have been brought to the 
Earth from other planets. But no living organism could survive the 
intense and deadly short-wave radiation of space, from which we are 
protected by atmospheric oxygen. Therefore life must-have begun on 
the Earth; and the discovery of viruses, bodies much smaller and pre- 
sumably simpler than bacteria — ^living material on an almost mole- 
cular scale — reopens the old question. We can but ask What are the 
environmental requirements of simple bodies like viruses, and can 

* W. E. Lc Gros Clark, ^‘Palaeontological evidence bearing on human evolution”, 
Biological Rev. Cambridge Phil. Soc. April, 1940. 

* C. F. A. Pantin, Nature, 12 July 1941. 
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they be found in primordial inorganic matter? ” The electron micro- Gmtia 
scope may help, but there, for the time, the problem must rest. 

One of the most important branches of physiology is the study of TheNervtm 
the nervous system. In an organism, as in a nation, efficiency and 
progress depend on common action among the units, and the nerves 
are the organs of communication between the units, and thus the 
chief factors in physiological synthesis. In this field, the modern 
pioneer work was done by Sir Charles Sherrington in the years from 
1906 onwards. Dr Adrian has given me the following paragraphs: 

In most complex animals the nerve cells and their delicate prolopla.smic 
extensions form a central mass which cominunicatcs with other parts of the body 
by the peripheral nerve fibres. These arc the channels by which messages pass from 
the sense organs (or receptors) to the central nervous system, and from it to the 
muscles and glands. The activity of the nerve fibres is accompanied by small 
changes of electric potential at their surface, and the investigation of these changes 
(aided in recent years by the introduction ol valve amplification) has .shown what 
kind of messages the fibres transmit. Both sensory and motor messages consist of 
a series of brief “impulses” differing little from one another but spaced close 
together or far apart according to the intensity of the stimulus. But this tells us 
lilth' of what goes on in the central nervous sy.s(em, and the outstanding problem 
is to discover how the incoming messages arc co-ordinated there and the outgoing 
built up in such a way that the animal responds as a whole with the appropriate 
movements, 

To solve this completely would mean accounting for the entire behaviour of an 
animal in physiological terms, but Sherrington has shown that a great deal of the 
“integrative at tion” of the nervous .system ran be made intelligible by the siudy 
of the simple reflexes and their interaction. For example, an orderly movement is 
only possible if the contraction of one group of muscles is accompanied by the 
relaxation of muscles antagonistic to it, and this is brought about by a dual effect 
of the incoming message which excites certain nerve cells and depresses or “ inliibit.s’* 
others. Again the time relations of the inhibitory and excitatory stales have been 
shown to account for the smooth precision with which one reflex may suci eed 
niiolher. This woik, initiated by Sherrington, has focused attention on the reflex 
as a key to the knowledge of nervous organization and (with Pavlov’s work) has 
b('eii 1 esponsible for the mechanistic trend in recent psychological theory. 

The highest part of the central nervous system, the brain, is de- 
veloped in connection with the “distance receptors”, as Sherrington 
calls them, the senses of sight and hearing, which put the animal into 
touch with distant objects. Mental functions have their seat in a part 
of the brain called the cerebrum, and especially in its cortex. By 
stimulation of limited regions of the cortex, localized movements of 
the limbs, etc. are produced; the effects of electrical stimuli were first 
investigated by Fritsch and Hitzig in 1870, and the areas of the cortex 
were mapped out and its reaelions studied later, especially by Horsley, 
Sherrington, Graham Brown and Head. 
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The Nervous Another part of the brain, the cerebellum, has been shown to be 
System concerned with balance, posture and movement, and the complicated 
co-ordinations needed for them. It acts in response to stimuli received 
from the muscles of the body and from the labyrinth of the ear. 

The involuntary nervous system, which controls the unconscious 
bodily functions, was first investigated thoroughly by Gaskcll (1886- 
1889) and Langley (1891 etseq.), who showed that, though it possesses 
a certain degree of subsidiary independent action, it is essentially an 
outflow from the cercbro-spinal system and under its general control. 

Pavlov (1910) pointed out that it may be unnecessary to introduce 
psychological ideas, which is usually done as soon as the higher 
nervous functions arc studied. The certain and unconditioned reflexes 
of the simpler functions pass into more complex reflexes conditioned 
by other factors, but the method of observing stimulation and resultant 
action may still be applied. A phenomenon which has been associated 
regularly with food may itself produce the reflex action proper to 
food: the dinner-bell may cause one’s moutli to water. This method 
docs not touch the problem of the ultimate nature of the intervening 
consciousness, but it has led to the development of a school of 
psychology called behaviourism, which, like physiology, ignores 
consciousness in its investigations.* 

Psychology The application of experiment to psychology, initiated by Weber 
and others in the nineteenth century, enabled later workers to develop 
a type of psychology which could definitely be classed among the 
natural sciences. ^ The acuteness of sight, taste, smell and feeling can 
be measured by mechanical devices. More complex tests of the same 
kind can estimate memory, attention, association, reasoning and 
other faculties; while another set of tests deals with fatigue, reaction 
to stimulus, and co-ordination between hand and eye. As an example 
we may instance the experiments of Miss Kellor of Chicago on the 
effects of emotion on respiration, as a result of which she found that 
negresses are less affected than white women. In all such investiga- 
tions, psychology is using the objective and analytic method of natural 
science. 

While pure physiologists studied the physics and chemistry of 
muscular contraction, of glandular secretion, of the conduction of 
nervous impulses and their connection with the central nervous 
system, those interested in psychology worked at the mental aspect 


' Pavlov, Conditioned Reflexes, Eng. trans., Oxford, 1927. 

* G. S. Myers and F. C. Bartlett, Text-Book of Experimental Psychology, Parts and 2, 
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of these same physical manifestations. For instance, the investigations 
of Sir Henry Head on such affections as aphasia arc of far more than 
merely medical interest. A large number of new psychological facts 
were obtained by neurologists during the War of 1914-1918 from the 
study of the mental effects of localized injuries. 

The associationist school of Herbart, the Mills and Bain, regarded 
the Self or Ego not as a pre-existing source of psychological repre- 
sentations, as did the older orthodox view, but as pieced together by 
the association of discrete ideas. The physiology of the ‘'conditioned 
reflexes”, initiated by Pavlov, carried this line of thought further, 
and led naturally to the ])sychology of behaviourism developed by 
J. B. Watson in 1914 and the following years. The fundamental ideas 
were outlined in 1894 and 1900 by Lloyd Morgan, a British psy- 
chologist who founded the American school of animal psychology. 

These investigators broke away from the prevalent interpretation 
of the actions of animals in terms of supposed consciousness, and set 
to work to observe their behaviour, and later on that of men, objectively 
as the facts of physics and chemistry arc observed. No one from out- 
side can detect a being’s consciousness, sensation, perception or will; 
they must be ignored in the study of stimulus and response. If his 
cornea be touched, a man blinks, but the observer knows nothing 
about the intervening feeling of irritation. 

In a new-born babe the number of unlearned responses is small, 
comprising only such fundamental actions as breathing, crying, etc. 
Fear is only excited by loud sounds or a sudclen failure in support. 
But the child soon learns also to fear any conditions which accompany 
these things a few times, whether there is any real connection or not. 
I'hus conditioned reflexes are built up. Once established, they can 
only be removed by a slow process of “unconditioning”, whereby the 
automatic association is broken. 

According to Watson, thought is a secondary product, which is 
slowly gained through the habit of language, as skill in tennis or golf 
is acquired by muscular activity. A child talks to himself as a reflex 
action from external stimuli ; mental imagery builds itself round the 
words, and gradually he finds it better to stop talking aloud. But 
always a stimulus is supposed to produce rudimentary or suppressed 
speech. We talk and then wc think — if indeed we think at all. 

That there is some truth in this theory no one who listens to tea- 
table chatter or to political debate can deny, and, from the point of 
view of psychology, there is much to be learned from it. But its philo- 
sophic import should not be over-valued. As a man is regarded as 
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hychology a machine by the definitions of mechanics, so to the behaviourist he 
is merely a nexus of stimuli and responses, because behaviourism, by 
its f)wn definitions and axioms, is merely the study of the relations 
between stimuli and responses. In so far as behaviourism is a success, 
it gives evidence that its assumptions will lead to results in accordance 
with facts, but, as in other similar cases, the evidence of the ultimate 
reality of those assumptions, for what it is worth, is metaphysical and 
not scientific. 

Modern psychology is acquiring a practical application in the 
problems of industry. Industrial operations have to be performed by 
human beings subject to emotions, prejudices and impulses, and, for 
the most part, very little swayed by reason or “enlightened self- 
interest It is the function of the industrial psychologist to study 
such factors, as well as simpler ones such as bodily fatigue, and to 
so adjust manufacturing operations that work shall cause as little 
weariness and as little repugnance as may be. 

Each person has a natural rhythm of his own, and a definite rate 
of periodic movement in activity; it is necessary to take such indi- 
vidual peculiarities into account if the best results arc to be obtained. 
The manual processes in factories have been studied closely, especially 
in America, and modifications introduced which have simplified the 
workman’s movements or made them more rhythmical, thus saving 
him fatigue and increasing his rate of output. 

Similarly, educational psychology began to make an observational 
and experimental study of the child’s mind. Tests of mental activity 
and alertness were devised, and some indications gained as to means 
of detecting special aptitudes likely to be of use in deciding on the 
child’s future. 

Psychology also became increasingly important in medicine. 
Hitherto attempts to find material changes in the brain to correspond 
with the changes which take place in the mind have met with little 
success, and physiological and pathological tests may detect nothing ab- 
normal even in the complete disorganization of the ideas and emotions 
which occurs in insanity. There is little doubt that physical changes do 
occur with every change of mood or thought, but, until we know about 
them, we must describe the mind and its disorders in psychological 
terms. Modern psycho-pathology covers a much wider field than its 
name would imply, for the study of the abnormal helps to reveal the 
normal. Its development is largely due to the widespread interest 
created by the work of Freud, who studied unconscious actions and 
their causes in a way which led to the mode of examination of the 
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mind known as psycho-analysis. Freud’s work strengthened the idea Psychology 
of determinism in modern psychology, explaining everything, from 
our most trivial mistakes to our most cherished beliefs, as due to the 
operation of powerful instinctive forces, which mature with the body 
and may be the cause of mental ill-health if their development is 
checked or distorted. 

Another application of psychology, which may or may not give 
results of scientific value, is the so-called psychical research. Among 
the phenomena of “spiritualism” are doubtless many due to self- 
deception and even conscious and deliberate fraud. But, in the view 
of some competent observers, when deception and fraud are elimi- 
nated, there remains an unexplained residue which is worthy of 
scientific investigation. Special aptitudes, and experience of both 
hysteria and the art of the conjuror, are needed in those who set out 
to examine these phenomena. Much careful work is described in the 
publications of the Society for Psychical Research, but no cons. nsus 
of competent opinion has yet been obtained cither in favour of or 
against a spiritualistic interpretation. Till more knowledge properly 
attested by critical methods has been accumulated, judgment should 
be held in suspense. 

In the history of biology, vitalism and mechanism have alternated is Man a 
with each other for the last three hundred years. In Descartes’ Machine? 
dualism, man’s body, in contradistinction to his soul, was held to be 
purely mechanical, and indeed materialistic. The French Encyclo- 
paedists of the middle and end of the eighteenth century went further, 
and, basing their philosophy on Newtonian dynamics, held that man, 
body and soul, was but a machine. This point of view was criticized not 
only by orthodox theologians, but by other writers more scientifically 
effective. At the end of the eighteenth century, vitalism was once more 
in the ascendant, largely owing to the influence of Bichat. Nine- 
teenth-century physiology, with Claude Bernard as its protagonist, 
together with the theory of evolution by natural selection, led to 
a reaction in the direction of determinism, specially in the school of 
German philosophic materialists and also among biologists — Haeckel 
and others. 

The more recent history of the controversy has been summarized 
by Nordenskiold ' and by Joseph Needham.^ Experimental physio- 
logists and psychologists, working on the implicit assumption that the 
laws of mechanics, physics and chemistry were applicable to living 

* Loc, cit. p. 603 ct scq. 

* Joseph Needham, Man a Machine, I/mdon, 1927. 
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Is Man a matter, have continually increased the field within which mechanism 
Machine? seems an adequate explanation of vital phenomena. But some bio- 
logists, sensible of the wide areas over which ignorance still reigns, or 
impressed with the apparent purposefulness of living organisms, have 
returned to the view that the facts can only be explained by regarding 
living things as organic wholes. 

Among these observers we may specially mention von Uexkull 
(1922), who held that living organisms were peculiar in that they are 
units in time as well as in space, J. S. Haldane (1913), who stressed 
tlic tendency of animals to maintain constancy amid changes in their 
external and internal cn\ironm(‘nts, and Dricsch, who thought that 
early embryonic development can only be explained by a non- 
material guiding force. Others, such as J. A. Thomson, E. S. Russell 
and W. McBride, instanced one or mort^ among the multifarious 
phenomena of life as impossible of explanation in mechanical terms. 

Among the philosophers, E. Rignano has insisted that the essence 
of li\^ing matter is teleological — a purposivencss, a striving for a goal, 
which controls the growth and functions of the body and of the mind 
in a way quite beyond the power of the l)hnd forces of mechanics 
and chemistry.^ He argues, for instance, that 

the living substance. . .selects from the. very coiri])lex mixture of chemical sub- 
stances dissolved in the nutritive licjuid exactly those compounds or radicals 
capable of reconstructing it in the same specilicity as before. And as selecLion, this 
process has a marked purposive aspect. 

Now many of the arguments of the neo-vitalists rest on gaps in our 
present knowledge of biophysics and biochemistry. To rely on such 
temporary ignorance is dangerous. Some of the arguments have 
already been refuted by recent research. Others, like Rignano’s 
given above, might have been refuted at the time they were used. It 
would have been only necessary to point out that besides the com- 
pounds “capable of reconstructing it” the living substance is quite 
ready to absorb toxic bodies which poison it. 

Lotze argued that the function of mechanism in the world is 
absolutely universal and yet quite subordinate. The mechanistic view 
is the only one which supplies working hypotheses for the experi- 
mentalist to use. It is only “a point of view”, but within its own 
limits it is supreme. Physical science regards nature from the aspect 
of number and measurement, and the mechanistic thread of thought 
is woven into its essential structure by the mental loom which forms 
it. The teleological aspect is, and must be, foreign to science, though 
' E. Rignano, Man not a Machine^ London, 1926. 



BIOLOGY AND ANTHROPOLOGY 359 

it may be part of the spiritual aspect of reality, of the meaning of the 
whole process. 

Another answer was given by Lawrence Henderson, who points 
out that the environment bears as much the mark of teleology as does 
the organism.' Life, at all events as we know it, is only possible 
because of the exceptional chemical properties of carbon, hydrogen 
and oxygen, and the physical properties of water. Also it can only 
appear within the narrow range of conditions found in a world like 
our own where temperature, moisture and similar circumstances arc 
suitable. I’hus organic teleology is merged in universal teleology. 

In spite of the great and growing success of biophysicists and bio- 
chemists in interpreting the phenomena of life in terms of physical 
and chemical conceptions, there may be an error in mechanism as 
a philosophy. From Descartes onwards, mechanists assumed that 
physical science reveals reality, whereas it is only an abstraction, 
looking at reality from one point of view. Hence, as a complete 
representation of reality, mechanism is periodically seen to fail, and 
naturally leads to vitalism — the idea that a spirit or soul, temporarily 
or ptTmaiiciitly connected with the body, controls or even suspends 
physical laws to some ap])ointed end. 

The error of the vitalists seems to be that they have tried to apply 
the idea of ])urposc to the limited scientific problems of physiology, 
which by their nature can only be attacked by the analytical methods 
of physical science, whereas purpose, if purpose there be, can only 
work in the organism as a whole, and perhaps only be revealed by 
a metaphysical study of reality, to which the whole of existence is 
relevant.- 

Yet it must be pointed out that the recent changes in physics, which 
began in 1 925, seemed, in later years, likely to weaken the argument 
from mechanical determinism itself. Philosophy has been wont to 
draw its strongest evidence for scientific determinism from physics, 
where it was thought that there was a closed circuit of mathematical 
necessity. But as will be explained later, the new wave-mechanics 
seem to suggest that there is a principle of indeterminacy at the base 
of the ultimate units or electrons, which makes an exact measure of 
both position and velocity for ever impossible. By this, some argue, 
the scientific evidence for philosophic determinism has been broken 
down, while others hold that the principle of indeterminacy is merely 
a failure of our system of measurements to deal with such entities. 


Is Alan a 
Machine? 


The Fitness of the Environment. Quoted by Needham, loc. at. 
J. S, Haldane, The Sciences and Philosophy ^ London, 1929. 
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As the continued study offossil records strengthened our confidence 
in the accuracy of the broad theory of the evolution of plants and 
animals, so the palaeontological discoveries made in the early years 
of the twentieth century confirmed the truth of the general conclu- 
sions of Lyell, Darwin and Huxley about man’s place in nature. 
Moreover, much new evidence came to light about the origin of the 
anthropoid apes and of the different varieties of man himself. It was 
gradually recognized that apes and men were probably dilfcrentiatcd 
from each other as early as the middle of Miocene times, while 
physiological evidence of their present close connection was given by 
new information about the similarity of their blood. 

In 1901 C. W. Andrews discovered in the Egyptian Fayurn fossils 
probably representing ancestors of existing mammals, and his pre- 
diction that early forms of anthro})oid apes would also be found there 
was verified by Schlosser in 191 1. In the foothills of the Himalayas, 
Pilgrim found fossil apes with peculiarities ofslnictiire which suggested 
that they were the ancestors of the honmidae. In 1912 Dawson and 
Woodward discovered at Piltdown in Sussex rnan-likc remains in 
early Pleistocene deposits associated with crude flint implements. 

Knowledge of Neanderthal man, whose bones were first discovered 
in the valley of that name in 1856, has been increased by the finding 
of similar remains in other places. I’hey suggest a being with a large, 
flattened head, prominent eyebrow ridg(;s, a coarse face, and a brain 
which, though large, wms deficient in the frontal region. Neanderthal 
man represented a species ])rcccding and more brutal than that called 
homo sapiens^ which includes all ])rcsent races. 

The Neanderthal men were followed in Europe by the tall, long- 
skulled Cro-Magnon race, a true variety of homo sapiens, I’hc flint 
implements of these pcoi)le are of much better type, and their paintings 
on the walls of caves show considerable artistic power. Other races, 
contemporary or succeeding, can be distinguished, and have been 
given names — Solutrian, Magdalenian, and so on. Then came the 
Neolithic peoples, who,, in their wanderings, brought to Western 
Europe the great world-civilization of Egypt and Meso])otamia. 

At the beginning of the twentieth century it was generally believed 
in England and France that civilizations resembling each other could 
arise quite independently among difl’erent races in separate parts of 
the world, and this belief produced a curious blindness to illuminating 
points of similarity. On the other hand, an important German school 
initiated by Ratzcl (1886), and supported later by the work of 
Schmidt (1910) and Graebncr (1911), traced the origin of similar 
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artistic cultures to the intermingling of peoples. This point of view Physical 

was reached independently by W. H. R. Rivers, in his classical study Anthropolo^ 

of relationships, social organization and language in the islands of the 

Pacific. Rivers, whose early death was a serious loss to anthropology, 

called attention in 1911^ to the German work, and since then this 

theory has been adopted by observers of other arts, particularly by 

Elliot Smith in his study of embalming. Indeed, the widespread 

custom of erecting monoliths and other stone structures, orientated 

in relation to the Sun or stars, and similar to Egyptian models, is 

alone almost enough to show a common origin, not necessarily of race, 

but of civilization. 

If physical anthropology in the twentieth century has followed in the Social 
main the lines laid down by Darwin and Huxley, social anthropology Anthropology 
has struck out new roads. This is due, firstly, to a more intimate 
knowledge of the psychology of primitive peoples obtained by men 
like Rivers from long sojourn among them; secondly, to the study of 
Greek religion made by such authors as Jane Harrison and F. M. Corn- 
ford ; and, thirdly, to the exhaustive collection of world-wide data made 
by such anthropologists as Frazer, Rivers and Malinowski. Rivers’ 
work was important, not only for the facts of primitive life which he 
collected, but also for a revolution in method introduced by him. He 
found that the general terms in which older enquirers put their 
questions were quite unintelligible to a primitive mind. It is useless 
to ask, let us say, whether or why a man may marry his deceased 
wife’s sister. One must first ask : “Gan you marry that woman? ” and 
then: “What relation are you to her and she to you?” ; general rules 
must be slowly put together from single examples. From his researches 
in Oceania, Rivers concluded that a vague sense of awe and mystery, 
generally called mana, is probably a more primitive source of magic 
and religion than the animism described by Tylor. 

The prolonged study of primitive forms of religion, still or lately 
extant in savage lands, led to a complete change of outlook.^ The old 
view, both among believers and sceptics, was that religion was a body 
of doctrine, theology if the religion is our own, or mythology if it is 
that of other people. Ritual, when considered at all, was thought to 
be merely a form in which beliefs, already defined and fixed, were 
publicly expressed, while, for the most part, that inward spiritual 
grace” which, from one point of view, constitutes the essence of 


* Prenderitial Address, Section H, British Association, 1911. 

* For example, see Darwin and Modern Scieme, Cambridge, 1909; The Study of ReUiiionSf 
by Jane Ellen Harrison, p. 494. 
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Social religion, was ignored or confused with doctrine. Further, the dogmas 
Anthropologjf Qf formed a complete and unalterable body of doctrine 

revealed once for all to mankind, and safeguarded by an infallible 
Book or an infallible Church. Man’s only duty was to accept its 
creeds and obey its precepts. 

But as Miss Harrison says:' 

Religion always contains two factors. First a theoretical factor, what a man 
thinks about the unseen — his theology, or, if we prefer so to call it, his mythology. 
Second, what he does in relation to the unseen — his ritual. These hictors rarely if 
ever occur in complete separation; they are blended in vciy varying proportions. 
Religion we have seen was in the last century regai ded mainly in its theoretical 
aspect as a doctrine. Greek religion for cxamjile meant to most educated persons 
Greek mythology. Yet even a cursory examination shows that neither Grei k nor 
Roman had any creed or dogma, any hard and fast formulation of bi liel’. In the 
Greek Mysteries^ only we find what we should call a Conjiteor; and this is not 
a confession of faith, but an avowal of rites performed. When the iciigion of 
primitive peoples came to be examined, it was .speedily seen that, thougli vague 
beliefs necessarily abound, definite creeds are practically non-existent Ritual is 
dominant and imperative. 

This predominance and priority of ritual over dcriiiite creed was first foiccd 
upon our notice by the study of savages, but it promptly and hap])ily joined hand.s 
with modern psychology. Popular belief says, I think, therefore I act; modi’rn 
scientific psychology says, I act (or rather, react to outsidi' .stimulus) and .so I ( oine 
to think. Thus there is set going a recurrent scries: act and thought become in their 
turn stimuli to fresh acts and thoughts. 

The real “heathen in his blindness” docs not “bow down lo wood 
and stone”. He is busy practising magic. He docs not ask a god to 
send .sun or rain: he dances a sun-dance, or croaks like a frog to bring 
the rain he has learnt to a.ssociatc with that noise. In many tolemistic 
beliefs he is closely related to some animal, which becomes endow^ed 
with sanctity. Sometimes the animal becomes taboo and may not be 
touched; sometimes by eating its flesh the savage acquires ils courage 
or its strength. Rhythmic dancing, with or without the help of alcohol, 
leads to ecstasy, which seems to give freedom to the will, and a sense 
of power transcending ordinary limits. The savage does not pray, 
he wills. 

The relations of magic to religion and to science are still subjects 
of controversy. Magic attempts to compel outward things to obey 
man’s will. Religion in primitive form tries to influence outward 
things by the help of God or gods. Science, with clearer insight than 
is possessed by magic, humbly studies nature’s laws, and by obeying 

* "Darwin and Modern Science,” loc. cit. p. 498. 

^ For details see J. E. Harrison, Prolegomena to the Study of Greek Religions^ Cambridge, 
*903, P- 155- 
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them gains that control of nature which magic falsely imagines itself Social 
to have acquired. Whatever be the exact relation between the three, Anthropology 
magic seems to be the primitive matrix out of which both religion and 
science emerged. 

Having thus, in his desire to work his will, developed a ritual, the 
savage uses it, in conjunction with his primitive ideas, to frame a 
mythology. He has not our distinction of subjective and objective: 
everything he experiences — sensation, thought, dream, or even a 
memory — is real and objective, though it may have different degrees 
of reality. 

Herbert Spencer argued that when a savage dreamed a dream of 
his dead father he sought to account for it, and so invented a spirit- 
world. But primitive man has not Spencer’s sophisticated rationality. 

The dream is real to him; not so real, perhaps, as his mother who is 
still alive, but yet real, He does not seek to account for it, he accepts 
it as true, and his fatlicr as in some sense still living. He feels a life- 
power within himself: he cannot touch it, but it is real, and his father 
who is dead must have had it too. When his father died it ceased to 
inhabit his body, but it comes back in creams: it is a breath, an 
image, a shade, a ghost. It is a mixture of life-essence and separable 
phantom.* 

Tylor'-^ has shown how the efforts of a saviige to classify common 
objects, and thus to arrive at the idea of a class, lead to the belief that 
a species is a family of beings, with a tribal god to protect them and 
a name which, in some mystic way, contains their common essence. 

Number, too, to the savage is part of the super-sensuous world, and 
essentially mysterious and religious. '‘We can touch and see seven 
apples, but seven itself, that wonderful thing that shifts from object 
to object, giving it its sevenness .. .is a fit denizen of the upper world.” 

With this confused, super-sensuous region of dream and phantom, 
of name, image and number, is mingled tlic mystical experience of 
ritual, magic and rhythmic dance. The elements act and react, and 
out of the mixture of feeling and action the savage perhaps develops 
some idea of a god. 

The most striking collection of data in social anthropology is to be 
found in J. G. Frazer’s great book, The Golden Bough. The first edition 
of two volumes published in 1890 was followed by a second edition 
in 1900, and eventually the two volumes were expanded into twelve. 


' Korpcrseele or Psyche. See Wundt, Vblkerpsyckologie, Leipzig, vol. n, 1900, p. i; Jane 
Harrison, loc. cit. p. 501. 

* PrimUm Culture^ vol. ii, 4th ed. London, 1903, p. 245. 
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Social In this monumental work Frazer describes primitive custom, ritual 
Anthropolos^^ and belief, with examples culled from archaeological inscriptions, 
ancient and mediaeval historians, modern travellers, missionaries, 
ethnologists and anthropologists — sources of varying value. Whereas 
some authorities hold that magic is the common origin of religion and 
science, Frazer believes that they come in sequence. When the direct 
control over nature sought by magic is found to fail, man turns to gods 
to give it to him, trying to influence them by worship and prayer; 
when these too prove vain, and man begins to recognize a uniformity 
in nature, he comes to the threshold of science. 

On the other hand, Bronislaw Malinowski^ holds that primitive 
people keep the simple operations, which can be dealt with by 
empirical observation and handed on by tradition, distinct from the 
incalculable happenings beyond their direct control, which need the 
intervention of magic, ritual and myth. The origin of religion, according 
to Malinowski, is to be sought in man’s reaction to death, and its 
essential contents are a belief in an ethical Providence and a hope of 
survival. Science arises only from slowly increasing experience gained 
in the arts and crafts of life. But others hold that to a primitive mind, 
our sharp distinction between the natural and the supernatural is 
unknown. Hie control over his thoughts, which man feels himself to 
possess, is extended by the savage till he thinks he can control things 
also. The shadowy beings which appear in his dreams of his dead 
parents rise into shadowy gods, who must be able to control things 
too, perhaps even more effectively than he can. In the excitement of 
wine or the dance he feels liis powers expand; his soul has become 
inspired by these gods. Other men may be more inspired; his kings 
and priests themselves become gods. 

Sympathetic magic, which attempts to produce natural phenomena 
by imitating them or their effects, leads on to the many symbolic 
rituals of primitive religion. Most widespread of all is the drama of 
tlic year: seed-time, growth, destruction at harvest and resurrection 
of life in the spring, are symbolized in countless forms through many 
ages and in many lands. Man first performed ceremonies and cast 
spells to make the rain to fall, the sun to shine, and plants and 
animals to multiply. Then he saw that some deeper, more mysterious 
cause must be at work, and imagined that growth and decay must be 
effects of the waxing and waning strength of divine beings. 

Such gods and their rites were specially celebrated in the lands 
which border the Eastern Mediterranean, under such names as Osiris, 

‘ Foundations of Faith and Morals^ Oxford, 1936. 
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Tammuz, Adonis and Attis. Tammuz of the Babylonians and Syrians Social 
became the Adonis of the Greeks. Tammuz appears as the spouse of Anthropologic 
Ishtar, the great mother goddess of fertility, and Adonis is the lover 
of Astarte or Aphrodite. Their union is necessary for the fertility of 
the Earth, and is celebrated by rites and mysteries in their temples. 

Similarly, Attis was the son of Cybele, the Great Mother, Mother of 
the Gods, who had her chief home in Phrygia, and was brought to 
Rome in 204 b.c. Such a cult for instance is revealed by the excava- 
tions at Ras Shamra in Syria, and Palestine seems to have been 
influenced thereby.^ But the writer in Genesis holds that, since God 
has set his bow in the sky, such rites are unnecessary; “While the 
earth remaineth, seed time and harvest, and cold and heat, and 
summer and winter, and day and night shall not cease.” 

With varieties in detail, the ceremonies of the magic cults bore a 
general resemblance to each other. Every year the death of the god, 
perhaps symbolized by the slaying of a human or animal victim, was 
mourned, and his resurrerlion acclaimed, sometimes on the following 
day, sometimes at a difl'erent season of the year. In some cults, the 
birth of the new year, of the Sun, or of a virgin-born god representing 
the Sun, was celebrated at the winter solstice. 

More complex arc the stories of the Egyptian Isis and Osiris as told 
by Plutarch and Herodotus, though the underlying ideas and sym- 
bolism seem to have been much the same. In Hellenistic times the 
chief Egyptian deities were Isis, Anubis, the god who conducted souls 
to the realm of immortal life, and Scrapis, who was “deliberately 
created by Ptolemy I . . . the only god ever successfully made by a 
modern man”. Serapis was Osiris combined with Greek elements 
meant to unite Greeks and Egyptians in a common worship. The 
Egyptians would have none of him; but he became the Greek god of 
Alexandria, he and his consort Isis being represented on earth by the 
royal Ptolemaic pair.^ 

Again, the mystery religion of Mithras, an old Persian deity, bore 
strong resemblances to that of Cybele on the one hand and to 
Christianity on the other, a similarity which the early Christian 
Fathers could only regard as a wile of the devil. The Mithraic religion 
was a formidable rival to Christianity, combining as it did a solemn 
ritual with aspirations after moral purity and a hope of immortality. 

Indeed, the issue of the conflict between the two faiths for the conquest 
of the Roman world seems to have hung for a time in the balance. 

* The Religious Background of the Bible, J. N. Schofield, London, 1944. 

■ W. W. Tarn, Hellenistic Civilization, London, 1927, p. 294. 
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Other mystery religions, resembling that of Mithras, helped it to 
fill the place left by the decay of belief in classical mythology, a decay 
which marked the centuries just before and after the birth of Christ. 
These religions all sought mystic union with the divine through rites 
of initiation and communion, clearly derived from those of more 
primitive culls. After a full discussion of innumerable instances of 
ceremonies of communion, and tlieir connection with totemism and 
nature-rites among primitive peoples in many lands, Sir James Frazer 
writes : 

It is now easy to understand why a savage should desire to partake of the flesh 
of an animal or man whom he regards as divine. By eating the body of the god 
he shares in the god’s attributes and powers. And when the god is a corn-god, the 
corn is his proper body; when he is a winc-god, the juice of the grape is his blood; 
and so, by eating the bread and drinking the wine, the worshipper partakes of the 
real body and blood of his god. Thus the drinking of wine in the rites of a vine- 
god like Dionysos is not an act of revelry, it is a solemn sacrament.* 

Though beliefs change, the ancient ritual persists, and is sublimated 
in the sacraments of higher religions. Then comes the critical mind, 
either of a Roman philosopher or of a Protestant Reformer. Cicero 
says: 

When we call corn Ceres and wine Bacfhus, we use a common figure of speech, 
but do wc imagine that anyone is so foolish as to believe the thing he feeds upon 
is a god? 

The mistake of the critical mind is in thinking it possible that man’s 
ritual and beliefs should depend on reason alone, when his instincts 
arc the inheritance of a million years of magic and animistic ancestors. 
In its practice, the Roman Church has never made this mistake, 
though in theory it has based its philosophy, both in the late Middle 
Ages and in the nineteenth century, on the rationalism of Saint 
Thomas Aquinas. 

Besides the formal religions and philosophies of the first Christian 
century, there was a deep and pervading undercurrent of these more 
primitive heathen rituals and beliefs mingled with the sacrificial ideas 
which are found both in these beliefs and in some of the Hebrew rites 
set forth in the Old Testament. In trying to understand the mental 
atmosphere of the time which saw the early development of Christianity, 
we must not ignore this under-current of primitive and Eastern 
ideas. 

' Thi Golden Bouifh, 3rd ed. Part v; Spirits of the Corn and Wtld^ vol. ir, p. iflyff. For 
a short account of the subject see Primitive Sacramentalism, by H. J. D. Astiey, Modern 
Churchman, vol. xvi, 1926, p. 294. 
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Frazer’s opinion of the Oriental elements with which Christianity Social 
became entangled is shown by what follows:' AnihropoloQ/ 

The ecstatic frenzies, which were mistaken for divine inspiration, the mangling 
of the body, the theory of a new birth and the remission of sins through the shedding 
of blood, have all their origin in savagery, and they naturally appealed to peoples 

in whom the savage instincts were still strong The religion of the Great Mother, 

with its curious blending of crude savagery with spiritual aspirations, was only one 
of a multitude of similar Oriental faiths which in the later days of paganism spread 
over the Roman Empire, and by saturating the European peoples with alien ideals 
of life gradually undermined the whole fabric of ancient civilization. Gicek and 
Roman society was built on the conception of the subordination of the individual 
to the community, of the citizen to the state; it set the safety of the commonwealth 
as the supreme aim of conduct, above tlie safety of the individual whether in lliis 

world or in a world to come All this was changed by the spread of Oriental 

rcligioas which inculcated the communion of the soul with God and its eternal 
salvation as the only objects worth living for, objects in comparison with which the 

prosperity and even the existence of the state sank into insignificance This 

obsession lasted for a thousand years. The revival of Roman law, of the Aristotelian 
philosophy, of ancient art and literature at the close of the Middle Ages, marked 
the return of Europe to native ideals of life and conduct, to saner, manlier views 
of tlie world. The long halt in the march of civilization was over. The tide of 
Oriental invasion had turned at last. 

Those who tnke a difFcrcnl view may reasonably point out that this 
passage begs the question at issue. If the underlying assumption of 
the mystic happens to be true, the communion of human souls with 
God i$ more important than slates or nationalities. But, whatever 
may be each man’s choice between these opposite ideals of life, the 
o])inion of one who, like Frazer, has done so much to advance this 
branch of knowdedge, must needs command attention and respect. 

The deeper and more important question of the bearing of modern 
historical and anthropological research on the problem of the origin 
and meaning of Christianity itself still remains a matter of discussion, 
in which inherited and acquired pre-conceptions, one way or the 
other, very often condition the action of reason. It is clear that many 
of the doctrines of traditional Christianity can be paralleled closely 
by similar beliefs in the religions that preceded and accompanied its 
rise, and that many Christian rites are the equivalents of corre- 
sponding heathen mysteries. Some hold that such similarities indicate 
that Christianity is to be classed with the mystery religions of the first 
century. Others point out that the consequences of recent anthro- 
pology may be exaggerated. New light has certainly been thrown on 
the connection of the mystery religions with earlier and more primitive 
culls, but the existence and nature of the mystery religions themselves 

* Loc. ciL pp. 356 ei seq. 
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Social have always been familiar to historians and theologians. Similarity 
Anthropology form does not necessarily connote identity in origin and meaning. 

Whether we take an orthodox or an unorthodox view of Christianity, 
we must admit that modern anthropology has helped us better to 
understand the connections between psychology and fundamental 
religion — the direct consciousness of unseen divine power — on the one 
hand, and between primitive beliefs and more developed forms of 
theology on the other. 



CHAPTER X 


THE NEW ERA IN PHYSICS 


The New Physics— Cath(»de Rays and Elcclrons — Positive or Atomic Rays — 
Radio-activity— X-Rays and Atomic Numbers— Tal)lc of Elements— The Qiian- 
turn Theory— The Structure of the Atom— Bohr’s Theory— tluanlum Mechanics 
—Relativity— Relativity and Gravitation— Recent Physics— The Nuclear Atom- 
Chemistry. 

Physical science continued to follow the course of development 
traced in Chapter vi until the last decade of the nineteenth century. 
It seemed as though the main framework had been put together once 
for all, and that little remained to be done but to measure physical 
constants to the increased accuracy represented by another decimal 
place, and to carry further those investigations which had seemed at 
intervals to be on the point of solving the problem of the structure of 
the luminiferous aether. This Newtonian system interpenetrated the 
newer physical theories during the first thirty years of the twentieth 
century, and was used, first exclusively and then concurrently, to 
interpret the experimental results. Only gradually was it found tliat 
entirely fresh concepts were needed. 

The new physics may be said to have begun in i(!95 with the dis- 
covery of X-rays by Professor Wilhelm Konrad Rontgen of Munich 
(1845-1923). Before that date many experiments had been made on 
electric discharge through gases, especially by Faraday, Hittorf, 
Geissler, Goldstein, Crookes, and thenby J. J. Thomson (1856-1940), 
later Sir Joseph Thomson, Master of Trinity College, Cambridge. 
P)ut these experiments seemed of importance only to those with 
exceptional insight; Rontgen’s work first focused on them the chief 
attention of physicists. 

Great discoveries are made accidentally less often than the populace 
likes to tliink. Nevertheless it was an accident, bound indeed some- 
time to ()ccur, yet none the less an accident, that put Rontgen on the 
track of X-rays. Photographic plates, though protected from light, 
were found to become fogged and spoilt when kept in the neighbour- 
hood of highly exhausted glass tubes or bulbs through which electric 
discharges were passing. Hence rays of some kind which could pene- 
trate the coverings of the plates came from such discharge tubes. 

’ For a genrral account, the successive editions (1904-1924) of the author’s book The 
Recent Development of Physical Science may be consulted. 
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The found that a screen covered with a phosphorescent sub. 

/’/awe stance, such as potassium-platino-cyanide, became luminous near 
such a tube, and that a thick slab of metal cast a heavy shadow when 
interposed between the tube and the phosphorescent screen, while 
light substances such as thin aluminium or wood, though opaque to 

light, with these new rays cast shadows hardly visible. The absorption 
of the rays seemed roughly proportional to the thickness and density 
of the absorbent, and the rays became more penetrating the higher 
the exhaustion of the gas in the vacuum tube. Rays of an appropriate 
“hardness” were found to throw a shadow of the bones within the 
livmg flesh on a phosphorescent or photographic plate, and, when the 
right technique had been elaborated, this fact proved invaluable in 
surgery. 

From the point of view of pure science, a discovery of more im- 
portance was made by J. J. Thomson and others as soon as the 
existence of X-rays was announced.^ When the rays pass through a 
gas, they make it a conductor of electricity. In this field of investi- 
gation the ionic theory of liquid electrolytes, founded by Faraday 
and developed chiefly by Kohlrausch, Van’t Hoff and Arrhenius, ^ 
had suggested a similar mechanism for conduction in gases, and 
a corresponding theory of gaseous ions now proved even more 
successful. 

When X-rays were passed through a gas and then cut off, the con- 
ductivity of the gas was found to persist for a time but gradually to 
die away. Thomson and Rutherford also discovered that when a gas, 
made conducting by X-rays, was passed through glass-wool, or 
l^etween two oppositely electrified plates, the conductivity disappeared, 
indicating that it was due to charged particles which were discharged 
by contact with the glass-wool or one of the electrified plates. Ruther- 
ford found that, in a conducting gas, the current was first proportional 
to the applied electromotive force, but, as that force was raised, the 
current increased more slowly, and finally reached a maximum or 
saturation value. From such experiments it became clear that, while 
ions were part of the ordinary and permanent constitution of a liquid 
electrolyte, they exist in gases only when X-rays or other ionizing 
agencies are acting. Left to themselves, the ions gradually re-combinc 
and disappear. The large surface of glass-wool absorbs the ions, or 
helps them to re-combine, and, when subject to a high electromotive 
force, the ions are swept to the electrodes as fast as they are formed, 


’ Camb. Phil. Soc. See University Reporter y February 4th, 1896. 
* Sec chap, vi, pp. 247-251. 
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and accordingly no further increase in electromotive force can increase 
the current. 

Rontgen’s discovery led also to another field of research—that of 
radio-activity. X-rays produce marked effects on phosphorescent 
substances, and it was natural to enquire if these or any other natural 
bodies produce anything like X-rays in turn. In this search, the first 
success fell to Henri Becquerel, who, in February 1896, found that the 
double sulphate of potassium and uranium, and later that uranium 
itself and all its compounds, emit rays which affect a photographic 
plate through black paper and other substances opaque to light. 

The next year, 1897, was marked by the great discovery of ultra- 
atomic corpuscles, particles far lighter than the atoms of any chemical 
element. The new era in physics had begun. 

As a glass tube with platinum electrodes is gradually evacuated 
with an air-pump, an electric discharge through it undergoes many 
changes in character, and finally produces phosphorcsc,ent effects on 
the glass walls of the tube or on other solid bodies within it, wliich 
then become the source of X-rays. In 1869, Hittorf showed that 
obstacles, placed between the negative electrode or cathode and the 
glass, throw a shadow thereon. Goldstein, who confirmed this result 
in 1876, and introduced the name Kathodenstrahlen, or cathode rays, 
regarded them as aethereal waves of the same nature as light. On the 
other hand Varley and Crookes gave evidence, such as the deflection 
of the rays in a magnetic field, to show that they were electrified 
particles shot out from the cathode and producing phosphorescence 
by bombardment. In 1 890 Schuster measured the ratio of the charge 
to the mass of these hypothetical particles by observing the deflection 
in a magnetic field, and estimated the ratio to be about 500 times the 
value for the hydrogen ion in liquids.^ Assuming that the particles 
were of atomic dimensions, he inferred that the charge on gaseous ions 
was much greater than that on liquid ions. Hertz, in 1892, found that 
cathode rays would penetrate thin gold leaf or aluminium, which 
seemed difficult to reconcile with the idea that the particles were 
streams of ordinary atoms or molecules. In 1895 Perrin showed that 
they gave a negative electric charge to an insulated conductor when 

' J. J. Thomson, Conduction of Electricity through Ga.\es, Cambridge, 1903 and igo6. 
J. S. E. Townsend, Electricity in Gases, Oxford, 1915. 

^ A moving electrified particle is equivalent to a current, and will consequently be 
deflected by a magnet (see p. 218). If a rna^etic field of intensity H be applied, the 
mec hanical force on the. particle is Hev. The force acts at right angles to the magnetic 
field and to the direction of motion of I he particle at each instant . This is what is wanted 
to produce circular motion (see p. 152), the force Hev representing the centripetal force 
tnv^ir. Thus r- mr/e//. In the experiment, only a small segment of a circle is described, and 
the deflection from a straight path will be 
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Cathode Rays deflected on to it. The problem of their nature was solved during the 

and Electrons ye^r 1 897, when thc velocity and the ratio of the charge e to the mass 
m of the particles were determined by several physicists.^ In January 
Wiechert showed that the velocity of some of the rays was about one- 
tenth that of light, and that ejm was 2000 to 4000 times as great as the 
value for the hydrogen atom in liquid electrolytes. He measured the 
velocity in terms of the time of oscillation of a condenser, and then ejm 
by thc magnetic deflection. In July there appeared an account of 
experiments by Kaufmaun, in which thc energy of the particles was 
deduced from the potential difference between the electrodes, and 
again the magnetic deflection observed. Meanwhile J. J. Thomson 
measured the charge by directing the rays into an insulated cylinder, 
and the kinetic energy by observing the heat which the rays gave to 
a thermo-couple. Finally, in October, he found that in liigh vacua 
the cathode rays could be deflected by an electric field as well as by 
a magnetic field, and measured both these deflections.^ 



Fig. 1 1 shows the apparatus used by Thomson in thc last named 
historic experiments, A highly exhausted glass tube contained metallic 
electrodes — a cathode C and an anode A pierced by a slit. Some of 
thc cathode rays from C traversed the slit, and were still further cut 
down by a second slit in B. Thc narrow pencil of rays thus obtained 
fell on a fluorescent screen or a photographic plate at the other end 
of thc tube, passing between two insulated plates D and E on the way. 
These plates could be connected with thc opposite poles of a high 
tension electric battery, and an electric field was thus set up between 
them. Thc whole aj)paratus was fixed between the poles of a powerful 
electro-magnet, so that a magnetic field also could be applied to 
the rays. 

On the assumption that the rays consist of flights of negatively 
electrified particles, a simple calculation shows that the electric deflec- 
tions like the magnetic depend on v, the velocity of the particles in 

' I'or (he history of these researches, sec Townsend, pp. 453 et seq, 

* Phi, Mag, vol, xuv, 1897, p,^;i93. 
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the rays, and on ejm, the ratio of their electric charge to their mass.^ Cathode Rayi 
Hence two measurements— those of the electric and magnetic deflec- Electrons 
tions — give values for both v and elm. 

Thomson found that, while the velocity of the particles varied 
about a value of one-tenth the speed of light, the quantity ejm was the 
same whatever was the pressure, or the nature of the gas or of the 
electrode;. In liquid electrolytes, ^ ejm is greatest for the hydrogen ion, 
for which its value is about 10,000 or 10^. In gases Thomson found 
ejm = 7*7x10^, that is 770 times as great as ejm for the liquid hydrogen 
ion, while, in December 1897, Kaufmann gave the much more 
accurate value of 1-77 xio^ Hiese results might mean that, in 
cathode ray particles in gases, either the charge was much greater 
than in the hydrogen atom as Schuster held, or the mass was 
much less. Thomson provisionally took the view that the particles 
were smaller than atoms. He gave them the Newtonian name of 
corpuscles, and suggested that they were the long-sought common 
constituents of dillerent elements. But there was as yet no clear 
evidence that the electric charge 011 the corpuscles was not greater 
than that on clectiolytic univalent ions, that the mass could not 
be determined. This ijiu'stion of the electric charge was ch'arly the 
next problem. 

In 1898 and 1899 Thomson measured the charge on the ions 
produced in gases by X-rays. He used a method discovered by 
G. T. R. Wilson, who in 1897 had shown that ions, like dust particles, 
act as cloud nuclei for the condensation of drops of moist air. 

The size of the drops can be estimated by the rate at which the clouds 
fall against the resistance of the air. The total volume of water con- 
densed gives the number of the drops, and the electric current pro- 
duced by a known electromotive force gives the total charge carried. 

Shortly afterwards Townsend measured the rates of diffusion of ions 
through gases, and from the result calculated the charge. The proof 
was complete in 1 899 when Thomson measured both e by the cloud 
method and ejm by magnetic deflection for the same particles — those 
obtained when ultra-violet liglit falls on a zinc plate. In all these 
measurements the value obtained agreed with the charge on a uni- 
valent liquid ion within the limits of the cx])crimental error— indeed, in 

' If a uniform electric field of intensity / acts at right angles to the direction of niotion 
ol a particle of mass m and charge e, the acceleration a is fejm and the displacement in the 

direction of the electric force is S,= = -During tlie lime t, the particle traverses 

with its original velocity v a distance l=i>L Hence Is and the displacement at right 
angles to tlie original motion is Sg=fel^l2mv^. 

* See chap, vi, p. 217. 
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Cathode Rays more recent experiments by Millikan, the two figures agreed within 
and Electrons than a fourth of one per cent. 

Therefore it became certain that it is not the electric charge which 
is greater than the charge on the liquid hydrogen ion, but the mass 
which is smaller. Corpuscles are parts of atoms, and are the same 
whatever the nature of the substance. From Thomson’s original 
experiments it appeared that each corpuscle possessed a mass equal 
to about the i /770th part of that of a hydrogen atom. But a better 
result might have been obtained from the measurements of ejm by 
Kaufmann described above. Since that date many new determina- 
tions of the electronic charge and thus of ejm have been made, 
especially by Millikan, who in igio improved Wilson’s cloud method, 
and in 1911 measured the velocity of minute drops of oil falling 
through ionized air. As a drop caught an ion, the velocity could be 
seen to change suddenly. In this way the charge on an ion was 
estimated as 4-775 x lo™^® electrostatic units, which indicates that the 
mass of the corpuscle or electron is the 1830th part of that of the 
hydrogen atom.^ The mass of a single hydrogen atom, as calculated 
from the kinetic theory of gases, is about r66x gramme. It 
follows that the mass of a single corpuscle is about 9x10"-® gramme. 

This great discovery has solved at last the prol:)lcm — old as th(‘ 
Greeks — whether diflbreiit kinds of matter have a common basis. It 
also gave a meaning to electrification. Thomson thus expressed his 
own views at the time: 

I regard the atom as containing a large number of smaller bodies which I will 
call corpuscles; these corpuscles are equal to each oilier; the mass of a corpu.s(‘le 
is the mass of the negative ion in a gas at low pressure, i.e. about 3X 10^"® of 
a gramme. In the normal atom, this assemblage of corpuscles forms a system which 
is electrically neutral. Though the individual corpuscles behave like negative ions, 
yet when they arc assembled in a neutral atom the negative effect is balanced by 
something which causes the space through which the corpuscles are spread to act 
as if it had a charge of positive electricity equal in amount to the sum of the 
negative charges on the corpuscles. Electrification of a gas I regard as due 
to the splitting up of some of -the atoms of the gas, resulting in the detachment of 
a corpuscle from some of the atoms. The detached corpuscles behave like negative 
ions, each carrying a constant negative charge, which we shall call for brevity the 
unit charge, while the part of the atom left behind behaves like a positive ion with 
the unit positive charge, and a mass large compared with that of the negative ion. 
On this view, elcctrihcatioii essentially involves the splitting up of the atom, a part 
of the mass of the atom getting free and becoming detached from the original 
atom.^ 

* R. A. Millikan, Trans. American Eleclrochmical Society , vol. xxi, 1912, p. 185. Abo 
Townsend, loc. cit. p. 244. 

Phi. ser. 3, vol. lxviii, i8()q, p. 565. 
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These new developments are connected with a somewhat older line Cathode 
of research. On Maxwell’s theory, light, being a system of electro- 
magnetic waves, must be emitted by vibrating electric systems.^ As 
spectra are characteristic of elements and not of their compounds, the 
vibrators must be atoms or parts of atoms. On these lines an electric 
theory of matter was being built up by Lorentz in the years just pre- 
ceding Thomson’s discovery. It involved the expectation that a 
magnetic field would affect the appearance of spectra, and this 
expectation was realized by Zeeman, who, in 1896, observed a 
broadening of the lines in the sodium spectrum when the source of 
light was placed in the magnetic field of a powerful electro-magnet. 

With still stronger fields he succeeded later in resolving single spectral 
lines into two or more components. Measurement of these separations 
supplied data which, by Lorentz’s theory, gave a new value for ejm, 
the ratio of the electric charge to the mass of the vibrating })article. 

It appeared to be of the order of 10^ electromagnetic units, and more 
exact determinations have led to a figure of about 1-77 x 10’, in good 
agreement with the value obtained from observations on cathode rays 
and otherwise. 

Lorentz used Johnstone Stoncy’s name of ‘'electrons” for these 
vibrating electric particles, and the discovery and measurement of the 
Zeeman effect showed that they were identical with Thomson’s 
corpuscles. They may be taken as isolated units of negative electricity. 

As suggested by Larmor, the electrons must possess, by virtue of their 
electric energy, an inertia which is equivalent to mass. Lorentz’s 
theory thus becomes an electronic theory of matter, and coalesces 
completely with the view which follows from Thomson’s discovery. 

But, while Thomson explained electricity in terms of matter, Lorentz 
expressed matter in terms of electricity. 

It is well to point out that one tacit assumption was made which 
was not justified by later work. It was naturally assumed that the 
corpuscles or electrons in the atom move in accordance with Newtonian 
dynamics, and, even at first, the atom was likened to a solar system 
in miniature, electrons revolving within it as planets swing round the 
Sun. But by 1930 it was clear that the idea of planetary orbits does 
not necessarily follow from the facts, and indeed must be given up. 

It was soon found that corpuscles or electrons could be obtained 
in many other ways : for instance, they are emitted by substances at 
high temperatures, and by metals under the influence of ultra-violet 
light. These effects were investigated by Lenard, Elstcr and Geitel, 

» See chap, vi, p. 243. 
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O. W. Richardson, Ladcnburg and others, and since then the heat 
effect has become of practical importance in the thermionic valves 
used in wireless telegraphy and telephony. 

Cathode rays, as described, proceed from the negative electrode 
(or cathode) in a vacuum tube through which an electric discharge 
is passed. The corresponding positive rays from the anode were 
detected in 1886 by Goldstein. 'They can be examined by boring 
holes through a cathode placed directly op])ositc the anode. When 
the discharge passes, luminous rays which have traversed the holes 
arc seen beyond the cathode. The magnetic and electric deflection of 
these Kanalstrahlen were first measured by Wien in 1898, and soon 
afterwards by Thomson. The value of ejm sh(>wed that the rays consist 
of positive particles which possess masses comparable with those of 
ordinary atoms and molecules. 

The investigalion was carried further by Thomson in 1910 and 
1911. By using a large apparatus very highly exhausted, and fixing 
a long narrow tube through the cathode, he obtained a very small 
pencil of rays, the position of which could be recorded on a photo- 
graphic plate inside the apparatus. The magnetic and electric forces 
were so arranged that the deflections produced were at right angles 
to each other. The magnetic deflection is inversely proportional to the 
velocity of the particles and the electric deflection inversely to its 
square. I'hus, if identical particles of differing velocities are found 
in the rays, a parabolic curve will be photographed on the plate. Tlu*. 
lines which actually ap])ear depend on the nature of the residual gas 
in the apparatus. In hydrogen, the fundamental line gives a value of 
10"* for ejm or lO"”* for mje, the same as the value for the hydrogen ion in 
liquid electrolytes, A second line has double this value for mje, and in- 
dicates a hydrogen molecule with twice the mass of the atom carrying 
a single electric charge. Other elements give more complex systems 
of many parabolic lines. The ratio of mje for any element to its value 
for the hydrogen atom was called by Thomson the “electric atomic 
weight”. 

In examining the element neon (atomic weight 20-2) Thomson 
found two lines, indicating weights of 20 and 22 respectively. This 
suggested that neon, as ordinarily prepared, might consist of a mixture 
of two elements, identical in chemical properties, but of different 
atomic weights. Such elements are indicated and explained by certain 
radio-active phenomena, and were called by Soddy “isotopes” (tao- 
TOTToj, i.e. occupying the same place in the chemical table). 

'rhomson’s experiments were taken up and carried further by 
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F* W. Aston (1877-1 945) who, with an improved apparatus, obtained Positm or 
regular “mass spectra” of different elements. The isotopic nature of 
neon was confirmed, and chlorine, with an atomic weight of 35'46 
which had long puzzled chemists, was shown to consist of a mixture of 
atoms with weights 35 and 37. Aston obtained similar results with other 
elements. If the atomic weight of oxygen ))e taken arbitrarily as 16, 
the atomic weights of all other elements which have been examined 
are now known to be very nearly whole numbers, the greatest 
divergence being that of hydrogen, which, instead of being unity, 
is I -0081 . Small differences from whole numbers depend on the close 
packing of positive and negative units in the nucleus of the atom 
and will be considered more fully later. 

Thus Aston cleared up another ancient predffem. The work of 
Newlands and Mendcleeff showed that the different properties of 
elements were connected in some way with successive increments in 
atomic weight, and suggested inevitably tliat the weights themselves 
should lie in a sim])le ascending series. Prout’s hypothesis, that they 
are all multiples of that of hydrogen, has now been proved to be nearly 
true, the slight discrepancy, as wc shall sec, being both explicable by 
and of surpassing interest in the modern theory of the atom. 

Becquerers original observation of the radio-active properties of Radio-activity'^ 
uranium was soon followed by the discovery that, like X-rays, uranium 
rays produced electric conductivity in air and other gases. Com- 
pounds of thorium, too, were found to possess similar properties. In 
the year 1 900, M. and Mme Curie made a systematic search for these 
effects in chemical elemeiits and compounds and in natural products. 

They found that pitchblende, and several other minerals which contain 
uranium, were more active than the element itself. The constituents 
of pitchblende were separated chemically, the radio-activity itself 
being used as a guide, and salts of three very active substances, which 
were named radium, polonium and actinium, were isolated by different 
observers, the most active of those substances being radium, which 
was separated by the Curies working with Bemont. The quantity of 
radium in pitchblende is extremely small, many tons of the mineral 
yielding, after long and tedious labour, only a small fraction of a 
gramme of a salt of radium. 

In 1899 Professor Rutherford of Montreal, later Lord Rutherford 
of Nelson, professor at Cambridge, discovered that, of the radiation 

^ F. W. Aston, Isotopes^ London, 1922, 1924, 1942. 

* E. Rutherford, Radio-activity y Cambridge, 1904. and 1905. J. Chadwick, Radio-activity, 

London, 1921. 
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Radio-activity from uranium, one part was unable to pass through more than about 
the fiftieth of a millimetre of aluminium foil, while the other part 
would pass through about half a millimetre before its intensity was 
reduced by one-half. The first named, which Rutherford called a rays, 
produce the most marked electric effects, while the more penetrating, 
or rays, are those which affect a photographic plate through opaque 
screens. Al a later date a third type of still more penetrating radiation^ 
known as y rays, was detected. These last rays can traverse plates of 
lead a centimetre thick, and still produce photographs and discharge 
electroscopes. In proportion to its general activity, radium evolves 
all tlircc tyj^es of radiation much more freely than uranium, and is 
best employed for their investigation. 

The moderately penetrating, or jS rays, can be deflected easily by 
a magnet; and Becquerel, who deflected them by an electric field as 
well, conclusively {)roved that they were projected particles charged 
with electricity. Further investigation showed that the ft rays behave 
in all respects like cathode rays, although they possess velocities 
greater than those of any cathode rays theretofore examined, velocities 
which have different values varying from 60 to 95 per cent, of the 
velocity of light. The ft rays, then, are negative corpuscles or (dcctrons. 

Magnetic and electric fields which are strong enough to deflect 
considerably the ft rays produce no effect on the easily absorbed a rays. 
Although it had become very probable by about the year 1900 that 
the a rays were positively charged particles with masses greater than 
those of the particles which constitute the negative ft rays, it was not 
till some time afterwards that their magnetic and electric deviations 
were demonstrated experimentally, and shown to be in the direction 
opposite to that observed with ft rays. Rutherford’s experiments on 
a particles in 1906 gave for the ratio e/m of the charge to the mass 
a value of 5-1 x 10^. The value of e/m for the hydrogen ion in liquid 
electrolytes is about lo'*. Since there is evidence (given later) to show 
that the a particles consist of helium, it follows tliat they arc helium 
atoms (atomic weight 4) carrying double the univalent ionic charge. 
Their velocity is about one-tenth of that of light. 

The very penetrating or y rays cannot be deflected by magnetic or 
electric forces. They are diflerent in kind from other types, and, like 
the X-rays, consist of waves of the same nature as light tliough of 
much shorter wave-lengths, which have been measured by A. H. Comp- 
ton and by C. D. Ellis and Fraulein Meitner. Further, it seems that, 
like some X-rays, they consist of monochromatic constituents char- 
acteristic of the emitting body. 
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In the year 1900 Sir William Crookes found that, if uranium were Radio-activity 
precipitated from solution by means of ammonium carbonate, and 
the precipitate were dissolved in an excess of the reagent, a small 
quantity of insoluble residue remained. This residue, to which Crookes 
gave the name ot urauium-X, was found to be intensely active when 
examined photographically, while the re-dissolved uranium was photo- 
graphically inert. Similar results were obtained l)y Bccquerel, who 
found that, when put aside for a year, the active residue had lost its 
activity, while the inactive uranium had regained its original radiating 
properties. 

In 1902 Rutherford and Soddy discenTred a corresponding elfect 
with thorium, whicli, they found, could be deprived of part of its 
activity by precipitation with ammonia. The filtrate, when evaporated, 
yielded a residue which is very radio-active. After a month\s interval, 
however, this activity had disappeared, while that of the thorium had 
r(‘gaincd its initial value. The active residue, thorium-X, was seen to 
be a distinct chemical substance, for it is only separated completely 
by ammonia. Other reagents which precipitate thorium do not 
separate it from thorium-X. On these grounds it was concluded that 
the X compounds arc separate bodies, which an* produced continuously 
from the parent substances, and lose their activity with time. 

In 1899 Rutherford had discovered that the radiation from thorium 
was very capricious, being affected especially by .slight currents of air 
passing over the surface of the active material. He traced this effect 
to the emission of a substance which behaved like a heavy gas having 
temporary radio-active properties. This emanation, as it was called, 
to be distinguished clearly from the radiations previously described, 
which travel in straight lines with high velocities. The emanation 
diffuses slowly through the atmosphere, as would the vajM^iir of a 
volatile liquid. It acts as an independent source of straight line 
radiations, but suffers a decay of activity with time. Similar emana- 
tions are evolved by radium and actinium, but not by uranium or 
polonium. The radium emanation is a gas chemically inert like neon 
and argon, and is now called radon. 

The amount of emanation evolved by radio-active substances is 
extremely small. A minute bubble was obtained in 1904 by Ramsay 
and Soddy from some decigrammes of radium bromide, but, in 
ordinary cases, the amount is much too small to affect the pressure in 
an exhausted vessel, or to be detected otherwise than by its property 
of radio-activity. It is usually obtained mixed with a large quantity of 
air, and can only be transferred from one vessel to another with the air. 
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Radio-activity M. and Mme Curie noticed in 1899 tliat if a rod be exposed to the 
emanation of radium, it will itself acquire radio-active properties. 
The same result was obtained with thorium by Rutherford in the 
same year and details investigated. When withdrawn from the vessel 
containing the emanation, and placed in a testing cylinder, the rod is 
found to ionize the gas. If a platinum wire which has become active 
by exposure to thorium emanation be washed with nitric acid, it is 
unaffected. With sulphuric or hydrochloric acid, however, it loses 
nearly all its activity, while the acid, when evaporated, gives a radio- 
active residue. This result indicates tliat the activity on the wire is due 
to the deposit of some new type of radio-active matter, which has 
definite reactions with di/Tcrent chemical reagents, and is a product 
of the disint(‘gration of the emanation from which it is formed. 

The rate of decay of the activity of thorium-X was investigated by 
Rutherford and Soddy in 1902, and the important discovery was 
made that the rate during each short interval of time is pro])ortional 
to the amount of activity at the beginning of that interval. Similar 
phenomena appear with uranium-X.^ The process is illustrated in 
Fig. 12. It shows the same law as does the decrease in the amount of 
a chemical compound which is dissociating molecule by molecule into 
simpler products. When a chemical change is brought about by the 
interaction of two or more molecules, different laws hold good. (See 
p- 245.) 

In 1903 Curie and Laborde drew attention to the remarkable fact 
that compounds of radium constantly emit heat. They calculated 
from their experiments that one gramme of pure radium would yield 
about 100 gramme-calorics of heat per hour. Later work showed that 
one gramme of radium in equilibrium with its products gives 135 
calorics per hour. The rate at which this energy is emitted is un- 
changed by exposing the radium salt to high temperatures, or to the 
low temperature of liquid air, and certainly is not diminished even at 
the temperature of liquid hydrogen. 

The emission of heat was correlated by Rutherford with the radio- 
activity. Radium freed from its stored emanation recovers its radio- 
activity as measured electrically at the same rate as its power of 
evolving heat, and the separated emanation show^s variations in the 
heat developed corresponding with those observed in its radio-activity. 
The electric effects of the radio-activity are chiefly due to the a rays, 


* If / be the intensity of radio-activity —dljclt^XI, Putting 4 for the original activity 
and integrating, we get log^ (Ilh) = or the logarithmic or exponential law 

of a mono-molecular chemic al reaction. 
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and the heat effect also is chiefly dependent upon the emission of Radio-activi^ 
OL particles. In the above-named total of 135 calories per hour, only 
5 calories are due to j8 and 6 calories to y radiation. The heat effect of 
the a and j 3 rays is clearly due to the kinetic energy of the projected 
particles. 

The demonstration of the continual development of heat by com- 
pounds of radium led to many attempts to explain the source of this 



apparently unfailing supply of energy, and focused attention on the 
problem of radio-activity itself. 

The facts to be explained may be summarized thus: (i) whenever 
there is radio-activity there is chemical change, new bodies appearing ; 
(2) the chemical change is a dissociation of single particles and not 
a combination; (3) the activity is proportional to the mass of the 
radio-active element whether free or combined, so that the dissociating 
particles must be atoms and not molecules; (4) the amount of energy 
liberated is many thousand times more than that associated with the 
most violent chemical reaction known. 

As a result of their experiments on the emanations and the deposited 
activity produced thereby, in 1903 Rutherford and Soddy explained 
all known facts by the theory that radio-activity is due to an explosive 
disintegration of the elementary atoms. Here and there one atom out 
of many millions suddenly explodes; an a particle, or a |3 particle and 
a y ray, are ejected, and a different atom is left behind. If an a particle 
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Radio-activity has bccii thrown out, this new element will be less in atomic weight 
by the four units of a helium atom. 

The pedigree of the radium family, as first worked out, is set forth 
below. It has since been modified by more recent work. It began 
with uranium, a heavy element which has an atomic weight of 238 
and an atomic number of 92, which, as explained later, is the number 
of electrons in the outer part of the atom. 

Uranium emits an a particle, a helium atom of mass 4 and charge 
+ 2. Uranium Xj remains behind : its weight is 238 - 4 = 234, and its 
atomic nurnlier 92 - 2 = 90. Its radio-activity gives /3 and y rays only ; 
the particle being of negligible mass and carrying a negative charge. 
Hence the body into which it passes, known as Uranium X2, has one 
negative charge less, that is, one positive charge more, than Uranium 
X| and consequently an atomic number of 91. Its atomic weight, 
234, is practically unaltered. Its radio-activity also consists of jS and 
y rays; hence its child, Uranium II, has an atomic number of 92 and, 
again, the same weight of 234. 

And so we go on as shown in the table. When an oc ray is emitted, 
the product has an atomic weight less by four units and an atomic 
number less by two. When a ray comes ofl', the weight is practically 
unchanged, but the nunil)cr is raised by unity. 
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The last known descendant of the family is lead, and its atomic Radio-activity 
weight has been found by Richards and Honigschmit to be 206, while 
the atomic weight of ordinary lead is 207. Similarly it can be shown 
that the end product of the thorium series is also lead, and its atomic 
weight has been found by Soddy to be 208. Again, Aston has found 
for actinium lead the normal value 207, while a radio-active lead 
appears in the uranium pedigree as Radium D, with an atomic 
weight of 210. These four types of lead possess identical chemical 
properties and are to be regarded as isotopes. 

The atomic theory was established by the chemical work of Dalton, 
but for a hundred years it was impossible to point to any demon- 
stration of the existence of single atoms; they could be treated only 
statistically by millions. But radio-activity now makes it possible to 
trace the effect of single a particles. This was first done by Crookes, 
who observed with a magnifying lens scintillations on a fluorescent 
screen of zinc sulphide exposed to a speck of radium bromide, and 
other methods of detection are now available. 

A gas at a pressure of a few millimetres of mercury, when acted on 
by an electric field just weaker than that needed to cause a spark, is 
in a very sensitive state. An a j)article, owing to its immense velocity, 
will produce many thousand ions by collision with the molecules of 
gas. These ions, being subject to the strong electric field, are set in 
rapid motion, and thereupon produce other ions by collision. Hence 
the total effect of a single a particle is multiplied, and the needle of 
a sensitive electrometer may be made to give a throw of 20 millimetres 
or more on the scale. By using a very thin film of active matter, 

Rutherford reduced the throws to three or four a minute, and counted 
the number of a particles projected. The life of radium may thus be 
estimated. The calculation shows that a mass of radium would 
diminish by one half in about 1600 years. 

Another method is due to C. T. R. Wilson. When shot through air 
saturated with water-vapour, a particles produce ions, which act as 
nuclei of condensation. Cloud-tracks are thus formed in the air, 
showing the path of each a particle, and these cloud-tracks may be 
photographed. 

Rutherford’s work on radio-activity at length demonstrated the pos- 
sibility of the transmutation of matter, the dream of the mediaeval al- 
chemist. Till later, no human means had been discovered of hastening, 
still less of controlling, these changes. They depend on chance happen- 
ings within the atom, and their frequency conforms to the well-known 
laws of probability. But Rutherford discovered in 1919 that a bom- 
bardment by a rays will induce atomic transformations in certain 



THE NEW ERA IN PHYSICS 


Radio-activity 


X-Rays and 
Atomic 
Numben * 


384 

elements such as nitrogen. Nitrogen has an atomic weight of 14; its 
atom is made up of three helium nuclei weighing 12, and two odd 
hydrogen nuclei. When struck by an a particle, the nitrogen nucleus is 
shattered, and, of its constituents, hydrogen nuclei are shot out with 
great velocity. Here, then, we first saw the possibility of inducing at 
will a breakdown of the atom, a transmutation in one direction, and 
this process has been vastly extended in later years. But it is easier 
to destroy than to build up : it did not follow that we could construct 
tlie heavier and more complex atoms from the lighter and simpler. 
The evidence showed that the complex radio-active atoms emitted 
energy, and it was thought at first that the course of the evolution of 
matter was in one direction, and involved the breaking up of complex 
atoms into simpler atoms and radiant energy. But later work indicates 
that, while heavy atoms give out energy as they break up, light atoms 
emit energy as they are formed. (See pp. 391, 422.) 

Th(* X-rays discovered by Rontgen arc not refracted like ordinary 
light, and very little trace of regular reflection or of polarization can 
be detected. But, on the other hand, they are not deflected by mag- 
netic or electric forces like cathode rays, or a and j8 particles. For 
some time their nature was a subject of discussion, but in 1912 Lauc 
made the suggestion that, if X-rays were aethcreal waves of very 
vshort wave-length, the regular arrangement of atoms in a crystal 
might be found to diffract X-rays as a surface ruled with large 
numbers of parallel scratches is used as a grating to diffract ordinary 
light. Laue worked out the complex mathematical theory, and Fried- 
rich and Kipi)ing successfully tested his theory experimentally. X-rays 
were thus shown to be electro-magnetic waves, shorter than the waves 
of light, and this discovery opened a new field for research into the 
structure of crystals, a field which was first explored chic fly by Sir 
William Bragg and his son Sir Lawrence Bragg. Taking rock-salt, 
a simple cubic crystal, they showed by these diffraction phenomena 
that the distance between the planes of atoms parallel to the natural 
faces of rock-salt was 2*81 x lo” ^ centimetre, and that the character- 
istic X-rays emitted when a target of palladium was bombarded with 
cathode rays had a wave-length of 0-576 x lO"^* centimetre, only the 
one ten-thousandth part of the wave-length of sodium light. Radia- 
tion was thus made known from the long waves of wireless telegraphy 
to the short waves of X-rays and y rays, a range of about 60 octaves, 
over each of which the frequency is doubled. Of these, only about one 
octave consists of visible light. 

' Sir William and \\\ 1 .. Bragp, X-Rays and fry Uni Structure^ London, 1915, 5th cd. 1925. 
G. W. C. Kaye, X-Rays, I^ondoii, 1914, ^tJi cd. 1923. 
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The diffraction spectra of X-rays produced by crystals used as 
gratings was shown by the work of Sir William Bragg, Moseley, Sir 
C. G. Darwin, and G. W. C. Kaye, to consist of a mixture of diffuse 
radiation of all wave-lengths within certain limits, and of more intense 
radiation of definite frequency superimposed as spectral “lines” upon 
it. This characteristic line radiation is a diffraction phenomenon 
similar to the line spectra obtained with visible light, and with it a very 
important discovery was made in 1913 and 1914 by a young Oxford 
man, H. G. J. Moseley,^ who was killed soon afterwards in the War — 
an incalculable loss to physical science. 

When the target bombarded by cathode rays was changed from 
one metal to another, and the spectrum of the resultant X-rays was 
examined by using a crystal of potassium ferro-cyanide as a grating, 
Moseley found that the frequency of vibration of the characteristic lines 
in the spectrum undergoes a simple change. The square root of the 
number n, expressing the number of vibrations per second corre- 
sponding to the strongest line in the X-ray spectrum, increases by the 
same amount on passing from element to element in the periodic table. 
If be multiplied by a constant, so as to bring this regular increase 
to unity, we get a series of atomic numbers, ranging regularly for all 
solid elements examined, from aluminium 13 to gold 79. Filling in 
the other known elements, it was found that, from hydrogen i to 
uranium 92, there were only two or three places left for undiscovered 
elements. Most or all of these have since been discovered (see p, 426) . 
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In Compton found that, when X-rays arc scattered by matter, 
the frequency of the waves becomes less. He cxplaineci this effect by 
the theory of a photon unit of radiation, comparable with the electron 
and proton units of matter or electric charge. The movement of an 
electron in an atomic orbit would naturally involve the radiation of 
energy, and, on Newton's dynamics, the orbit would contract, with 
a consequent quickening of the period of rotation and of the frequency 
of the waves emitted. Atoms at all stages of this process would exist, 
and therefore in all spectra radiation of every frequency should be 
found, instead of the radiation of only a few definite and unchanging 
frequencies such as that seen in the line spectra of many chemical 
elements. 

Even in the continuous spectrum of an incandescent solid, the 
energy is not evenly distributed but is greatest between certain 
frequencies, and this range of maximum radiation moves up the 
spectrum from red to violet as the temperature rises. It is difficult to 
see how this could be explained on the older theory of atomic or 
electronic radiation. Indeed, mathematical investigation indicates 
that oscillators of high frequency should radiate more energy than 
those of low frequency, so that visible light should always give more 

’ For a summary, sec J. H. Jeans, Report on Radiation and the Quantum Theory, 2nd eel. 
London, 1924. 
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heat than the invisible infra-red rays, and ultra-violet rays more than 
light. All this is contrary to well-known fact. 

To meet these difficulties, Planck in 1901 devised a “Quantum 
Theory ’V according to which radiation is not continuous, but, like 
matter, can be dealt with only in individual units or atoms. The 
emission and absorption of these units will depend on the principles 
of probability which have been used in other branches of physics and 
physical chemistry. The units of energy radiated are not all the same 
size, but are of sizes proportional to the frequency of the oscillation. 
Hence high-frequency ultra-violet oscillations can be possessed and 
radiated by the oscillators only when there is a large amount of energy 
available, and therefore the chance of many such units being available 
and radiated is small, as is likewise the total energy emitted. The low- 
frequency oscillations, on the other hand, emit small units, and there- 
fore the probability is great that many units will be available and 
radiated; but, since each unit is very small, the total amount of energy 
is small also. For some special range of intermediate frequency, where 
xhii unit is of medium size, the chances will be favourable, the number 
radiated may be fairly large, and the total energy a maximum. 

To explain the facts, Planck’s quantum of energy e must be supposed 
proportional to the frequency, that is, inversely proportional to the 
period of vibration. Hence we sec that 

e=hv = Y, 

where v is the frequency, T the period and h a constant. Hence 
Planck’s constant h is e 7 ", the product of energy and time, the quantity 
which is called Action. This constant unit of action is, of course, inde- 
pendent of the frequency, indeed of everything variable. It is a true 
natural unit, analogous to the natural unit of matter and electricity 
found in the electron. 

A theory made specially to suit one definite set of facts can be 
adjusted to fit those facts, and, however good the fit and fashionable 
the cut, the evidence for the theory being universally applicable is not 
perhaps very strong. But, if an entirely different set of phenomena 
can be explained by the same theory, especially if no rational account 
of them has been given otherwise, the value of the evidence is greatly 
strengthened, and we begin to feel confident that we may rely on the 
theory to co-ordinate still more relations. 
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Planck’s theory was introduced to meet the facts of radiation. As it 
involved a breach with orthodox dynamics, it was rightly viewed with 
caution, if not scepticism. But, when it was applied by Einstein, by 
Nernst and Lindemann,* and even more successfully by Debye,^ to 
explain the phenomena of specific heat, the probability of its extended 
usefulness was very much increased. 

The ordinary kinetic theory suggests that monatomic molecules in 
solids should have an atomic heat of three times the gas constant, or 
about six calories per degree, and that this quantity should be inde- 
pendent of temperature. Metals contain monatomic molecules; at 
ordinary temperatures their atomic heats are roughly constant and 
equal to 6. But at lower temperatures the value diminishes. 

This was first successfully explained by Einstein, who pointed out 
that, if energy could only be absorbed in definite units or quanta, the 
rate of absorption would depend on the size of the unit, and tliereforc 
on the frequency of vibration and thus on the temperature. Debye 
calculated from the quantum theory a formula, which gave results 
agreeing with observation — markedly so in the case of carbon, which, 
even at ordinary temperatures, has a variable atomic heat, much 
below the value for metals. 

On this quantum theory, light at the moments of emission and 
absorption is neither the steady acthereal wave of Fresnel nor the 
continuous electro-magnetic undulation of Clerk Maxwell and Hertz. 
It seems to consist of a stream of minute gushes of energy which may 
almost be regarded as atoms of light, equivalent to, though different in 
kind from, Newton’s corpuscles. The reconciliation of this conception 
with the phenomena of interference was left as a difficulty to be dealt 
with in the future. If a ray of light be divided, and the two parts taken 
over paths which differ in length, interference bands are seen where the 
two parts of the ray finally meet, even though the difference in path 
may be many thousand wave-lengths. Again, the diffraction pattern 
seen with the image of a star in a large telescope indicates that the 
light from each atom fills the whole object-glass. These facts were 
taken as proving that light advances in steady trains of waves uniform 
for a distance of many thousand wave-lengths and extending trans- 
versely over a space enough to fill a telescope. 

But, if light from the same star falls on a film of potassium, it will 
eject electrons each with the energy of the quantum which corre- 
sponds to the particular light. Here the light acts not as* a wave but 


* Sohiqy Congress^ Hri^els, 191a, pp. 254, 407. 
^ Annalen der Physik, vol. xxxix, 1912, p. 789. 
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as a bullet with its energy localized. As distance is increased, the 
number of bullets hitting a given area is less, but they still strike with 
the same momentum. Another doubt was cast on the older theory by 
conclusions drawn from the phenomena of the ionization of gases by 
X-rays. If the wave-front were uniform, its effect on all molecules 
in its path would be the same, whereas in reality perhaps only one 
molecule in a million is ionized. There are reasons which make 
it improbable that this is due to a very few molecules being 
unstable, and among others J, J. iliomson argued that such facts 
indicate that X-rays and light travel not in broad wave-fronts but 
as waves along localized filaments of aether — Faraday’s tubes of 
force. 

Then came the quantum theory, again suggesting that light was 
discontinuous in another way. Thomson tried to explain all the facts 
and to reconcile conflicting views by imagining light to consist of 
particles, each made of a closed ring of electric force and accompanied 
by a train of waves. Prince Louis Victor de Broglie used recent con- 
ceptions to frame a theory in which the properties of waves and 
particles are combined in a new form of wave-mechanics. A moving 
particle behaves as a group of waves, of which the velocity v and the 
wave-length A are related to the speed v and corresponding mass m of 
the particle by the equation A = himv, where li is Planck’s constant. 
The wave-velocity is c^jv, where c is the velocity of light and v that 
of both the particle and the wave-group. It is impossible not to notice 
the similarity of these modern theories of light with the combined 
corpuscles and waves imagined by Newton. 

The modern theory of the atom began in the year 1897 ^hh the 
discovery of the negatively electrified corpuscle common to all elements, 
and its identification with the electron. That discovery also made it 
clear that the electrical properties of atoms were to be explained in 
terms of an excess or defect in the normal number of electrons, 
and their optical properties to be explained in terms of electronic 
vibration. 

An earlier observation made by Lcnard, who showed that cathode 
rays could pass out of the vacuum tube through an aluminium window, 
enabled him to prove in 1903, by experiments on absorption, that 
swift cathode rays could pass through thousands of atoms. On the 
semi-materialist ideas then prevalent, it followed that the greater part 

' N. Bohr, The Theory of Spectra md Atomic Constitution, Cambridge, 2nd ed. 1924. 
A. Sommerfeld, Atombau und Spektrallinien, 4th ed. 1924. E. N. da C. Andrade, The 
Structure of the Atom, London, 1923, 3rd cd. 1927. B. Russell, TheA.B.C. of Atoms, London, 
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of the volume of an atom must be empty space, the solid matter being 
estimated only about I0“® (or one thousand millionth) of the whole. 
Lenard imagined the “solid matter” to consist of a number of 
doublets of positive and negative electricity scattered about in the 
empty space within the atom. 

This way of providing the necessary positive charge did not prove 
satisfactory, and a more systematic attempt to describe atomic 
mechanism was made by J. J. Thomson. 

He suggested that the atom consists of a sphere of uniform positive 
electricity in which negative electrons are revolving. Following up 
an investigation by Alfred Mayer on the equilibrium of floating 
magnets, Thomson showed that a ring of rotating electrons will be 
stable till the number exceeds a definite limit. Two rings will then be 
formed, and so on. Thus periodic likenesses in structure arc produced 
by the addition of electrons, and the recurrence of the physical and 
chemical properties of the ehanents in Mcndeleeff’s Periodic Table 
might perhaps be explained. 

But in 1 91 1 work by Geiger and Marsden on the scattering of a rays 
when they strike matter led Rutherford to another view of the nature 
of the atom. I’he cloud tracks of a particles arc usually straight, but 
occasionally a sharp change in direction is seen. The forces exerted 
by negative electrons on an a particle must be too small to produce 
such scattering, but the effect is explained if it be supposed that an 
atom, a complex body of open structure, has a positive charge con- 
centrated in a minute nucleus, with negative electrons revolving 
round it in space. Since a normal atom is electrically neutral, the 
positive charge in the nucleus must be equal as well as opposite to that 
on all the electrons together, and, since the mass of the electrons is 
small compared with that of an atom, nearly all the mass must be 
concentrated in the nucleus. 

With the general ideas current when this theory was formulated, 
the atom resembles the solar system, a heavy nucleus or Sun forming 
the centre, with lighter planetary electrons circling round. Nagaoka 
had investigated the stability of a similar system in 1904, but Ruther- 
ford was the first to bring experimental evidence to support the idea. 
Lenard’s work on absorption of cathode rays and other later experi- 
ments showed that, if the atom were supposed to resemble a miniature 
solar system in which electrons take the place of the planets, the empty 
spaces in the atom must be proportionately as large as the empty 
spaces in the sky. In this theory of planetary electrons, the precon- 
ceptions implanted in our mind» by Newtonian physics perhaps led 
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US further than the facts warranted, but the atom, nevertlieless, as far 
as penetration by cathode rays and radio-active particles is concerned, 
is certainly a very open structure. 

A moving electric charge carries a field of electro-magnetic force 
with it; and this, since it has energy, must possess inertia. Hence an 
electric charge has something which behaves like mass, and may be 
of the essence of the underlying substance in that which we call matter. 
If a small sphere be drawn round the charge to represent the electron, 
the electro-magnetic mass is associated with the field which is outside 
the sphere. J. J. Thomson showed by mathematical analysis that, 
unless the charge is moving with very great speed, the electric mass 
is 2e^ly, where e is the charge and r the radius. Thus, on the assump- 
tion that all the electro-magnetic energy is outside the electron, the 
radius could be calculated from the known values of the mass and the 
charge; for an electron it appeared to be somewhere about io~^^ of 
a centimetre. By making the radius r small, that is by concentrating 
the charge, the effective mass could be increased.^ The nucleus of 
hydrogen, which is a positive unit, is called a “proton”. Its mass, 
which is practically the mass of the atom, is 1800 times the mass of 
a negative electron. Therefore, if all the mass is assumed to be electrical 
and the nucleus a sphere surrounding a point charge of positive 
electricity, the radius of the nucleus will be only the i Booth part of 
the radius of an electron, that is, it will be of the order of 5 x 10 cm. 
It must be emphasized that these estimates of size depend on an 
arbitrary assumption as to the distribution of the electric charge. They 
arc now of doubtful value. 

I'hese concepts, helpful at the time, have been modified, but a 
hydrogen atom may still be regarded as consisting of a unit positive 
nucleus or proton, with a single negative electron, whatever that may 
be, somewhere outside it. The helium nucleus is pictured as four 
protons with two electrons binding them together. Since the atomic 
weight of hydrogen is i'Oo8, and the atomic mass of helium as 
measured by Aston is 4/002, the formation of this complex nucleus 
involves a destruction of mass of (4 x roo8) - 4-002 or about ‘03 and 
an equivalent emission of energy. The radio-active disintegration of 
heavy atoms, such as those of uranium, gives an output of energy, and 
it had therefore been assumed that all atoms contain a store of energy 
available when they break up. But the reasoning here given shows 
that the resolution of helium into hydrogen would involve an absorp- 
tion of energy — work would have to be done to break up the helium 

‘ But see newer work described ])clow. 
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nucleus. It seems then that light atomic nuclei give out energy when 
they arc formed, and heavy nuclei when they break up. This may 
explain why heavy atoms are radio-active, and why no atom heavier 
than uranium exists naturally: it would be unstable.^ As a rays arc 
flights of helium atoms, it is probable that helium atoms are some of 
the bricks of which the nuclei of other heavier atoms are built. The 
helium atoms themselves, each made up of four protons or hydrogen 
nuclei, arc too firmly knit to be separated even in the adventurous life 
of an a particle. Thus it is probable that other atoms are made of 
a complex nucleus containing a number of positive units, probably 
helium nuclei with, in some cases, hydrogen protons, bound together 
by a certain smaller number of negative electrons, thus leaving a net 
positive charge on the nucleus of 7?, Moseley’s atomic number. Other 
electrons exist outside this centre, and, for neutral atoms, n also 
represents the total number of these outer electrons, since the total 
negative charge on those electrons must neutralize the equal net 
positive charge in the nucleus. 

Since atoms can be ionized, and given one, two, three or possibly 
four unit charges in accordance with their chemical valency, a small 
number of electrons can be added to or subtracted from an atom with 
no fundamental change in its nature. We may suppose these electrons 
to be placed in outer rings, while others arc in inner rings, and yet 
others form an essential and, in general, a stable part of the nucleus. 

As already explained, most radio-active transformations are associ- 
ated with the ejection of an a particle, which is a helium atom of mass 
four, carrying two units of positive electricity. Such transformations 
must therefore involve a catastrophic change in the nucleus. The 
residue will be four units lighter, and two negative electrons must be 
discarded to re-establish neutrality : a new atom, a new element, will 
result. 

The application of Planck’s quantum theory to the problem of 
atomic structure was first made in 191 3 by Niels Bohr of Copenhagen, 
while working in Rutherford’s laboratory at Manchester. He based 
his work on the theory of planetary electrons then generally accepted 
by physicists. 

It was already known that regularities appear in the complex 
spectrum of hydrogen if we consider, not the usual wave-lengths of its 
luminous lines, but the number of waves in a centimetre. It had been 
found that these so-called vibration numbers can all be expressed as 
the difference between two terms. The first term, known from its 
' E. Rutherford, Proc. Roy.^Soc. A, cxxiii, 1929, p. 373. 
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discoverer as Rydberg’s constant, is 109,678 waves per centi- Bohr's Theory 
metre. ^ 

Now these relations are quite empirical. Tliey were obtained by 
guessing at arithmetical rules till one was found to fit the results of 
experiment. But Bohr was able to explain them on the quantum 
theory. He pointed out that if “action” is absorbed in units, only 
a certain number of all the orbits in which an electron might revolve 
will be possible. In the smallest orbit the action would be one unit 
or /;, in the next orbit 2//, and so on. 

Bohr supposed that the one electron of the hydrogen atom has four 
possible stable orbits, corresponding to increasing units of action, as 
illustrated in Fig. 13, where the circles represent the four stable orbits 
and the radii the six possible jumps from one orbit to another. At this 
point Bohr left Newtonian dynamics. It is remarkable that the law 
of inverse squares can be applied to electrons which are sup])osed to 
be circulating in orbits round the nucleus of atoms, but the orbits 
themselves show quite new relations. A planet might revolve round 
the Sun in any one of an infinite number of orbits, the actual path 
being adjusted to its velocity. An electron, on the other hand, Bohr 
supposed, can only move in one of a few paths. If it leaves one path, 
it must jump instantaneously to another, apparently without passing 
over the intervening space. This assumption led to theoretical results 
in conformity with the empirical rules then accepted for the vibration 
numbers. 2 Furthermore, it is possible to calculate the absolute value 


‘ J’jit* oltirr terms are obtaiiu'd from Rydberg's constant by dividing it b}- four (2 x 2), 
nine (3x3), sixteen (4x4), and so on. If we subtract these terms from the constant 
wc get A'ibration numbers 


4 4 


^ R M 
R- = etc. 
9 9 


and these numbers are found to correspond with the vibration numbers of hydrogen lines 
in the ultra-violet part of the spectrum. 

If we begin again with the first derived term, one-fourth of 10^,678 or 27,420, and 
.subtract from it the higher derived terms, we gel another series of numbers 

R_R_^R R_R_^R 

4 4 

i’hese numbers are found to correspond with the visible line.s of hydrogen known a.s 
balmer’s series. Yet another group derived from one-ninth off? was found in the infra-red 
by Paschen. 

“ Mathematical investigation shows that the energy of motion in the second orbit is 
a quarter of that in the first, in the third orbit it is one-ninth, and in the fourth one- 
sixteenth. As an electron falls in from an outer to an inner orbit or level, it loses energy ol' 
position and gains energy of motion. The total loss of energy may be shown to be equal to 
the gain in energy of motion. Hence if c be the energy of motion in the innermost level, 
the loss in passing from the second level to the first is c-c/4 or 3^/4, and in passing from 
the third to the second 86/9. With longer passages the electron will give another series of 
numbers; thus passing from the third orbit to the first, it gives 1/4- 1/9 or 5C/36. 

In leaping from one orbit or energy-level to the next, die electron absorbs or radiates 
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Bohr's Theory of the constant R as 109,800 waves per centimetre, a remarkable 
agreement with the latest observed value of Rydberg’s constant given 
above. Bohr’s theory at this stage showed every promise of a long 
and successful career. 

The various types of radiation can be referred to different parts of 
the atomic structure. X-ray spectra are, for the most part, inde- 



pendent of the temperature or the state of chemical combination of 
an atbm, on both of which the details of optical spectra depend. 
Radio-activity, as explained above, is due to an explosive disruption 
of the nucleus. The evidence now given goes to show that X-rays 
proceed from the inner layers of the electrons outside the nucleus, 
while light comes from the outermost electrons, which are more easily 
detached and are concerned in cohesion and in chemical action. 

Chemical combination might well be explained if one or more 
electrons were common to the combining atoms. The difliculties in 
representing such unions on the theory of electrons whirling round 
a nucleus led, in the years 1916 to 1921, to attempts to construct a 
statical model of the atom, especially by Kosscl and by Lewis and 
Langmuir. Such models successfully explained valency and other 
chemical properties, but artificial assumptions had to be made to 
coax an explanation of spectra out of them. The physicist, at all events, 
at that time preferred Bohr’s dynamic atom. 

energy hv, where h is Planck’s unit of action and v the frequency of vibration. Since the 
energies lost arc 3€/4, Se/q, etc, and h is constant, the frequencies etc. must be in the 
ratios 3/4, 8/9, etc. in accordance with the known lines of the ultra-violet spectrum, while 
another series, corresponding with leaps to further orbits, gives frequencies beginning with 
5/38, agreeing with Balmer’s series. 
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Whatever atomic model be accepted, we meet strong evidence for 
the fundamental idea of different energy-levels in the facts of ioniza- 
tion potential. In 1902 Lenard first showed that an electron must 
possess a certain minimum energy before it would produce ionization 
as it passed through a gas. The energy is measured by the electric 
potential in volts through which the electron must fall to acquire its 
velocity, and more recent experiments, such as those of Franck and 
Hertz on mercury vapour (1916-1925), show that sharp maxima of 
ionization occur at multiples of a definite voltage. Simultaneous 
changes in the spectrum of the gas are observed. For instance, Franck 
and Hertz showed that the electrons with the velocity produced by 
4*9 volts caused low-pressure mercury vapour to emit a spectrum of 
a single line, which may be supposed to correspond with the leap back 
to normal from the first outer level in Bohr’s atom. Since then a large 
number of critical potentials have been found for lines or groups of 
lines which suddenly appear, in agreement with the predictions which 
can be made on Bohr’s theory. The effect on spectra of temperature 
and of pressure were investigated by Saha, H. N. Russell, R. H. Fowler, 
E. A. Milne and others, who have applied these new conceptions by 
means of thermo-dynamic methods. Their results have proved of the 
greatest importance in astro-physics, and have opened a new chapter 
in the measurement of stellar temperatures. 

The circular orbits shown in Fig. 13 give only an elementary model 
of a hydrogen atom. Both Bohr and Sommerfcld showed that the 
same series spectra would be produced by elliptic orbits, and described 
more complex atomic systems, though the mathematical dilTiculties 
were great, since the motion of even three mutually attracting bodies 
cannot be expressed in finite terms. 

The literature on the subject of Bohr’s atom is voluminous, and 
much progress was made. The general concordance of the results with 
the coarser structure of spectra gave much confidence that the theory 
was proceeding on the right lines. Nevertheless, while it accounted 
for the line spectrum of hydrogen and of ionized helium, it failed with 
the finer detail of the spectra of neutral helium and with all the 
tremendous complexity of heavier atoms. The concordance between 
the number of spectrum lines and the number of possible jumps of 
electrons from one level to another ceased to hold good. By 1925 it 
was becoming clear that Bohr’s theory of the atom, so successful for 
a time, was breaking down. 

Bohr’s atomic model, with its circling planetary electrons, goes 
further from the observed facts than it is safe to venture. We can only 
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Quantum examine atoms from outside, keeping note of what goes in and what 
Mechanics comes Out, radiation or radio-active particles. Bohr has described one 
mechanism which will produce some, at all events, of the atomic 
properties. But it is possible that other types of mechanism might 
work equally well. If we could see only the outside of a clock, we 
might imagine a train of wheels which would move the hands as they 
are observed to move, but somebody else might describe another set 
of wheels quite as effective as ours, and no one could decide between 
us. Again, the science of thermo-dynamics, which deals only with 
the changes in heat and energy of a system, makes no use of pictures 
of intimate mechanism such as are given by atomic conceptions. 

In 1925 Heisenberg framed a new theory of quantum mechanics 
based only on what can be observed, that is, on the radiation absorbed 
and emitted by the atom.^ We cannot assign to an electron a position 
in space at a given time, or follow it in its orbit, and consequently we 
have no right to assume that Bohr's planetary orbits exist. The funda- 
mental observable magnitudes are the frequencies and amplitudes (>[ 
the emitted radiation, and the energy levels of the atomic system; it 
is on these data that the mathematical formulation of the new theory 
depends. The theory has already been rapidly developed by Heiseji- 
berg, Born and Jordan and, from another point of view, by Dirac, and 
shown to lead to the Balmer formula for the hydrogen spectrum and 
the observed effects on that spectrum of electric and magnetic fields. 

In 1926 Schrddingcr attacked the problem from another angle,- 
Following up the work of de Broglie on phase-waves and light-quanta, 
Schrodinger was led to a theory mathematically equivalent to that 
of Heisenberg from the view that ‘'material points consist of, or are 
nothing but, wave systems’'.^ T'hc medium carrying the waves is 
supposed to be dispersive, as transparent matter is to light, or as the 
layers, high up in the atmosphere, are to wireless waves (p. 413) . Thus 

' Zeitschrift fiir Physik^ 33. 12, 1923, p. 879, and 35. 8-9, 1926, p. 557. For abstracts, see 
H. S. Allen, The Quantum, London, 1928; A. b. Eddington, The Nature of the Physical World, 
Cambridge, 1928, p. 206. 

* Annalen der Physik, vol. lxxix, 1926, pp. 361, 734. 

^ The mathematics of Heisenberg and Schrodinger lead to similar equations. By 
Hamiltonian principles they arrive at a formula 

qp-pq^ihlsTT, 

where h is the quantum of action and i the square root of — i . p and q arc called co- 
ordinates and momenta, though the words arc used in unusual senses. For Born and 
Jordan /» is a matrix — an infinite number of quantities arranged in symmetrical array. 
For Dirac p has no numerical significance, though at the end numbers appear from the 
equations. For Schrodinger the momentum p is an operator, a signal to carry out a mathe- 
matical operation on what follows. Whatever physical meaning is given to it, the above 
equation, as Eddington says, seems to lie at, or nearly at, the root of everything in the 
physical world [loc, cit. p. 207). > 
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the shorter the period the faster the speed, and it becomes possible for 
waves of two frequencies to be present together. 

As in water, the velocity of an individual wave is not the same as 
the velocity of a group of waves or a storm. Schrodinger found that 
the mathematical equations which give the motion of a wave-group 
with two given frequencies are the same as the usual equations of 
motion of a particle with corresponding kinetic and potential energies. 
Thus wave-groups or storms manifest themselves to us as particles, and 
the frequencies manifest themselves as energies. This leads at once 
to the constant relation between frequency and energy which first 
appeared in Planck’s constant h. 

Two waves with vibrations too quick to be visible may by their 
interference produce “beats” which appear aslight,just as two sounds 
of nearly equal pitch produce beats of much lower pitch than either. 
In a hydrogen atom with one proton and one electron, waves will 
exist in accordance with the equation, and Schrbdinger found that 
solutions of the equations are only possilde for definite frequencies, 
which correspond to the observed spectral lines. In more complex 
atoms, where Bohr’s theory broke down, Schrodinger again gets the 
right number of frequencies to explain the phenomena of tlie spectra. 

When one of Schrodinger’s wave-groups is small, there! is no doubt 
where to locate the electron which is its manifestation. But, as the 
group expands, the electron can be placed anywhere within it. There 
is a certain indeterminacy of position. In 1927 these principles were 
extended by Heisenberg and then by Bohr. They found that, the more 
accurately they attempted to specify the position of a particle, the less 
accurately could the velocity or momentum be determined, and vice 
versa. The necessary uncertainty in our knowledge of position multi- 
plied by the uncertainty in our knowledge of momentum was, approxi- 
mately at any rate, found to be equal to the quantum constant h. The 
idea of simultaneous certainty of the two seems to correspond to nothing 
in nature. Eddington called this result the principle of indeterminacy 
and assigns to it an importance equal to that of the principle of 
relativity.’ It is now more usually called the principle of uncertainty. 

The new quantum mechanics produced a revolution in physical 
science, already used to revolutions. The mathematical formulations 
of Heisenberg, of Schrodinger, and of some other exponents, arc 
equivalent to each other, and, if we remain content with mathematical 
equations, we may feel considerable confidence in the theory. 
But the ideas from which the equations have been derived, and the 
1 A. S. Eddington, loc. ext. p. l!20. 


Quantum 

Mechanics 



THE NEW ERA IN PHYSICS 


Quantum 

Mechanics 


398 

interpretations which some have given to them, are fundamentally 
different. We can hardly expect these ideas and interpretations to 
last long, though the mathematics which express them are a per- 
manent gain. 

Classical mechanics are seen to be a limiting case of quantum 
mechanics. The failure of classical mechanics to deal with atomic 
structure is due to the wave-length being comparable with the dimen- 
sions of the atom, just as the straight rays of geometrical optics fail 
when the breadth of the ray or the size of obstacles in its path becomes 
comparable with the wave-length. Even then there seemed some 
possibility of connecting quantum mechanics with classical dynamic 
theory, with Maxwell’s electro-magnetic equations, and with gravita- 
tional relativity. Such a wide co-ordination of knowledge would take 
its place as one of the great historic generalizations of natural science. 

Schrodinger’s theory must be considered in relation to experiments 
on electrons which prove that, as dc Broglie’s theory indicates, a 
moving electron is accompanied by a series of waves. The Thom- 
sonian corpuscle was first envisaged as a structureless material particle, 
and then as an electron, a simple unit of negative electricity, what- 
ever that meant. But in 1923 Davisson and Kunsman, and in 1927 
Davisson and Germer, working in America, reflected slowly moving 
electrons from the surfaces of crystals, and found them to possess some 
of the diffractive properties of wave systems.^ Later in 1927, Sir 
George Thomson, Sir J. J. Thomson’s son, made experiments which 
consisted in passing a ray of electrons through an exceedingly thin 
sheet of metal — thinner than the finest gold leaf. A stream of particles 
would produce a blurred patch on a photographic plate beyond the 
sheet, but waves comparable in length with the thickness of the sheet 
would give a series of bright and dark rings like the diff usion patterns 
obtained when light passes through thin glass plates or soap films. 
Such rings were actually obtained, and indicate that a moving 
electron is accompanied by a train of waves, the wave-length being, 
like those of fairly penetrating X-rays, ^ only about the millionth part 
of the wave-length of visible light. 

Theory indicates that, if the electron be accompanied by a train of 
waves, it must be vibrating in unison with the waves. It follows that 
the electron must have a structure, and thus, even experimentally, it 
ceases to be the ultimate unit either of matter or of electricity. A vista 
is opened into even more minute parts. Mathematical investigation 

' Physical ReineWy xxn, 1923, p. 243; and Nature^ cxix, 1927, p. 558. 

* G. P. Thomson, Proc. Roy. Soc. A, cxyn, 1928, p. 600. See also Sir J. J. Thomson, 
Beyond the Electron, Cambridge, 1928. 
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shows that the energy of the electron is proportional to the frequency of Quantum 
the waves, and that the product of the momentum of the electron and 
the wave-length is constant. Since in the atom there are only certain 
wave-lengths and frequencies, its electronic momentum can only 
have certain values, and must increase not continuously but by jumps. 

This indication of discontinuity leads us back to the quantum theory. 

The interpretation of Sir George Thomson’s experiments involved 
a dual nature for the electron — a particle (or electric charge) and 
a train of waves. Schrodinger, as we have seen, goes further, and 
resolves the electron itself into a wave system. The nature of the 
waves is uncertain. They must conform to certain equations, but may 
not involve mechanical motion. The equations may merely correspond 
to alternations of probability — the term, which in a normal wave 
measures the displacement, giving the chance of an electron aj)- 
pcaring at a given spot. 

Thus, after the third of a century, the electron was resolved 
into an unknown source of radiation or a disembodied wave-system. 

The last trace of the old, hard, massy particle has disappeared, 
and the ultimate conceptions of physics seem to be reduced to 
mathematical equations. Experimental physicists, especially if they 
be Englishmen, never feel comfortable with such abstractions, and 
already attempts are being made to devise atomic models which 
represent in mechanical or electrical terms the meaning of these 
equations. But, as* Newton saw, the ultimate basis which underlies 
mechanics cannot be mechanical. 

The discovery that light needed time for its propagation was made Relativity^ 
by the Danish astronomer Olaus Romer in 1676. Romer found that 
the intervals between the successive eclipses of one of the satellites of 
the planet Jupiter were longer when the Earth was receding from 
Jupiter and shorter when the Earth was approaching. He estimated 
the velocity of light as 192,000 miles a second. 

Fifty years later, James Bradley, the Astronomer Royal, got a con- 
cordant result from the aberration of the light from the fixed stars. 

As seen from a distant star in the plane of the Earth’s orbit, the Earth 
would seem to oscillate from side to side once a year, moving in 
opposite directions in successive six months. The rays shot from the 
star to hit the Earth must always be aimed a little in front of it, as we 
shoot in front of a driven partridge or a rocketing pheasant, and so, 
if the star now shoots to the right of the Earth’s true position, in six 

‘ A. Einstein, Vkr Vorlesungen liber Relativitatstkeorie, Braunschweig, 192a; The Meaning 
of Relativity y London, 1922. A. S. Eddington, The Mathematical Theory of Relativity y Cam- 
bridge, 1923 and 1924. 
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Relativity months it must aim to the left. This means that the rays by which the 
star is seen from the Earth at different times are not parallel to each 
other, but that the star appears to move backwards and forwards in 
space as the years revolve. From this apparent movement, the ratio 
of the velocity of light to the velocity of the Earth in its orbit may be 
calculated. 

The first determination of the velocity of light over short distances 
on the Earth was made in 1849 by Fizeau, who passed a beam of light 
through one of the gaps in a toothed wheel, and reflected it back on 
its path by a mirror three or four miles away. When the wheel was at 
rest, the return beam passed back through the same gap and was 
visible on the other side, but, when the wheel was rotated rapidly, 
a speed could be found at which the return way was blocked by the 
next tooth. The time occupied by the wlieel in spinning through this 
small part of a revolution is clearly the time required for light to 
travel to the distant mirror and back again. 

A better method is that devised by L. Foucault. A beam of light 
from a slit S is made very slightly convergent and then reflected from 
the plane mirror 7 ? to a focus on a concave 
mirror M. It returns along its path and, 
if the mirror R is at rest, forms an image 
of the slit on the slit itself. The mirror R 
is then rotated rapidly at a known 
speed. It moves through a small angle 
while the light travels from RXo M and 
back again, and therefore the return 
path RS' is not coincident with RS^ but 
will be turned through twice the angle 
of rotation of the mirror R, The distance 
between S and S' is then measured and the time occupied by the 
light in travelling from RtoM and back again is calculated. 

The best modern results for the velocity of light, rather less than 
older ones, give a value of 186,300 miles or 2-998 x centimetres 
a second in vacuo, or 3 x 10*^ to one part in a thousand.^ 

If there be anything in the nature of a luminiferous aether, its 
effect on light travelling through it should apparently make possible 
the determination of its motion. If the Earth moves through the 
aether without disturbing it, the Earth and the aether will be in 
relative motion. In that case, light should be found to travel faster 
when it moves with the aether than when it moves against it, and on 

^ M. R. J. G. de Bray, “The Velocity^ of Light”, Isis, No. 70, 1936, p. 437. 
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the whole faster when it travels to and fro across the aether stream Relativity 
than when it passes first in the direction of the stream and then 
against it. It is quicker to swim across a river and back again, than 
to swim an equal distance up and down stream. 

That is the essence of the famous experiment made by Michclson 
and Morley in 1887. They mounted their apparatus on a stone 
floating in mercury to prevent vibration. A beam of light SA is partly 
reflected and partly transmitted at the glass A (Fig. 15). The two parts 
are reflected by mirrors at B and D. 1{AB = AD, the paths arc equal 


B 



E 

Fig- 15 - 


in length and interference effects will be seen in a telescope by an eye 
at E. Let us imagine that the Earth is moving in the direction .SylD but 
not carrying the aether with it, so that the aether is moving through 
the laboratory as the wind through a grove of trees. 1 his will introduce 
a difference in the time of transmission over the paths ABA and ADA, 
and the interference fringes will not occupy the same place as they 
would if the aether were relatively at rest. Next let the apparatus be 
floated round through a right angle. AB is now in the direction of 
motion and AD across it. The interference fringes should now move 
in the opposite direction, the whole displacement being twice that 
suggested above. 

But Michelson and Morley could observe no measurable displace- 
ment of the interference fringes, and concluded that there is no appre- 
ciable relative motion of the Earth and the aether. A repetition of 
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Relativity their experiment showed that, on their assumptions, the relative 
motion is certainly less than the tenth part of the Earth’s velocity in 
its orbit. The Earth seems to drag the aether with it. 

But in calculating the velocity of light from aberration, it is 
assumed that the aether is undisturbed by the motion of the Earth 
tlirough it. Moreover, Lodge in 1893 could find no change in the 
velocity of light between two heavy steel plates spinning at (or 
beyond) the highest safe speed. Hence masses of this size do not drag 
the neighbouring aether with them. Thus both the theory of aberra- 
tion and the deductions from Lodge’s experiment seem quite incon- 
sistent with Michelson’s and Morley’s result. 

Whenever we get a discrepancy of this kind, if we are to hold our 
belief in the uniformity of nature, we may conclude that something 
must be wrong either in our experiments or in our conceptions of the 
causes at work, and it is probable that an interesting and necessary 
revolution in ideas is under our eyes if we can but sec it. 

The first useful suggestion was made by G. F. FitzGerald, and 
developed by Larmor and Lorentz. If matter be electrical in essence, 
or, indeed, if it be bound together by electric forces, it may contract 
in the direction of the motion as it moves through an electromagnetic 
aether. Such a contraction would not otherwise be observed, firstly 
because it would be too small, and secondly because any scales we 
used to measure it would themselves be subject to the same contrac- 
tion, so that, in the direction of motion, the unit of length would bt‘ 
shorter. Thus Michelson’s and Morley’s apparatus as it rotated might 
change in dimensions in such a manner as to compensate for the dis- 
placement of the interference fringes produced by the Earth’s 
movement through the aether. 

It is easy to calculate the contraction necessary. A body would 
contract in the direction of the aether stream in the ratio (i 
where v is the relative velocity of the body and the aether, and c the 
constant velocity of light. 

The velocity of the Earth in its orbit is 1/10,000 the velocity of light. 
If, at some time of the year, this be its velocity through the aether, 
Michelson’s and Morley’s apparatus would contract by one part in 
200 million when turned through a right angle, and that minute 
change would explain their result. 

There the subject rested for some years. Whatever the cause, every 
attempt to measure the velocity of light, whether with or against 
a supposed aether stream, led to the same result, no change in the 
measured velocity could be det«5Ctcd. 
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In 1905 an entirely new direction was given to thought on this 
subject by Professor A. Einstein, who pointed out that the ideas of 
absolute space and time were figments of the imagination — meta- 
physical concepts not derived directly from the observations and 
experiments of physics. The only space we can experience is that 
measured in terms of a standard unit of length, defined as the distance 
between two scratches on a bar, and the only time is that measured 
by some clock set by astronomical events. If changes such as the 
FitzGerald contraction take place in our standards, they will be quite 
inappreciable to us who move with them and suffer corresponding 
changes, but they might be measurable by an observer who was 
moving differently. Time and space, therefore, are not absolute, but 
merely relative to the observer. 

From this point of view, no explanation is needed of the fact that 
the velocity of light, as measured by any apparatus and in any circum- 
stances, is always the same. That result must be accepted as the first 
discovered law of the new physics. 'Fime and space arc thus shown to 
be such that light always travels relatively to any observer with the 
same measured velocity. 

This measured velocity is constant, but neither space nor time nor 
mass measured separately show the constancy we are accustomed to 
expect. Michclson’s and Morley's apparatus, tested by our constant 
standard, the speed of light, shows no change in linear dimensions 
as it rotates. But that is because we arc moving with it. If however 
we could measure accurately enough the length of a bullet as it flew 
past us, we should find that it appeared shorter than when at rest, 
and, if its speed approached that of light, it would seem still shorter. 

This experiment is not practicable ; but it is easy to show, on the 
principle of relativity, that the mass of the bullet will appear to an 
observer at rest to be increased, and increased in the same ratio as the 
length is shortened. If be the mass at slow speeds, that at a high 
velocity v is m^j^i where c is the velocity of light. Hence, at 

the velocity of light, mass would become infinite. The change in mass 
may be examined experimentally. Among the marvels of modern 
science is the measurement of the mass of projectiles which are moving 
past us with speeds of the same order as that of light. The ^ particles, 
shot forth by exploding radio-active atoms, can be directed through 
electric and magnetic fields of force, and their velocity and their mass 
can thus be determined, just as the velocity and mass of a cathode 
ray particle have been determined. If the mass of a ^ particle moving 
at moderate speeds be called unity, the following table gives in the 
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Relativity second column the mass (calculated on the principle of relativity) of 
other ^particles, the velocity of which approaches th^t of light, and in the 
third column their mass as measured by Kauffman experimentally. 

Ratio of mass to the mass of 



a slowly moving corpuscle 

Velocity of corpuscle 

( 

A 

^ 

in cm. per second 

Calculated 


Observed 

3'36x 10*® 

I *65 


*’5 

2*48 X io‘° 

1-83 


1-66 

2-59 X io‘® 

2-04 


2-0 

2’72 X 10 ‘® 

2-43 


2-42 

2-85X 10'“ 

309 


3 -J 


These ^ particles are negative electrons, and, when moving, are 
equivalent to an electric current. Hence they create an electro- 
magnetic field of force, which possesses both energy and inertia. The 
increase of mass with velocity was also calculated on these lines by 
J. J. Thomson and by G. F. C. Searle with the same result. Therefore 
the increase of mass, like FitzGerald’s contraction, is in accordance 
with electro-magnetic theory. 

Again, on the principle of relativity, mass and energy arc equivalent, 
a mass m, when expressed as energy, being where c is the velocity 
of light. This too is in conformity with Maxwell’s theory of electro- 
magnetic waves, which possess momentum equal to Elc where E is 
their energy. Momentum being rnc^ we get again that E=mc^. 

It is clear at once that these principles lead to remarkable and 
unexpected results. If we could travel in an airplane (or an aether- 
plane) with a speed comparable with that of light, our length in llie 
direction of motion as measured by an observer on the earth would 
appear to be contracted, our mass would seem greater, and our time 
scale slower than usual. But we ourselves should be unconscious of 
these changes. Our foot rule might have shrunk, but, as we and all 
our surroundings would have shrunk also, we should not perceive the 
change. Our pound weight might have a greater mass, but so should 
we. Our clocks might go slower, but the atoms of our brains would 
move more slowly also, and again we should not know. 

But, since motion is only relative, the observer on the Earth is 
moving relatively to us at the same rate as we arc to him. Hence we 
should find on measuring them that his scales of length, mass and 
ime had changed to us as ours had to him. He would seem to us to 
have suffered an unseemly contraction in the direction of motion, to 
have a mass out of proportion to his size, and to be ludicrously slow 
in mind and body. And all the while he would be thinking the same 
thoughts about us. We both 'should be unconscious of our own 
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imperfections, but we each should see clearly the sad changes in the Relativity 
other. 

It is impossible to say that either of these observers is wrong. Indeed 
both are right. Length, mass and time are not absolute quantities. 

Their true physical values are what the measurements indicate. The 
fact that they are not the same to everybody shows that they can only 
be defined relatively to one specified observer. The ideas of absolute 
length, of absolute space, and of an absolute and even flow of time, 
arc metaphysical concepts, which go far beyond what is indicated or 
justified by observation or experiment. 

Nevertheless, as Bergson has pointed out, philosophically it is 
probable that the only time that is lived, the time that measures what 
goes on in a system to one moving with it, or in it, is of special, indeed, 
of unique, importance. But physically space and time, considered 
individually, arc relative quantities depending on the position of the 
observer. It was, however, pointed out in igo8 by Minkowski that 
the changes in space and time compensate each other, so that a com- 
bination of tlie two is, even in this new world, the same for all 
observers. The space of which we are accustomed to think has three 
dimensions — length, breadth and thickness, and, taught by Min- 
kowski, we must look on time as 'a fourth dimension in this combina- 
tion of space and time, one second corresponding to the 186,000 miles 
which light travels in that time. Just as the distance between two 
points in the continuous space of Euclidean geometry is the same 
however measured, so, in the new continuum of space-time, two 
events may be said to be separated by an “intervar\ involving both 
space and time, which has a true absolute value whoever measures it. 

We feel that here we have found something firm in a shifting world, 
and we are led to search for other quantities that remain absolute in 
the realm of relativity. Of quantities already known to us, we find 
that there still remain as absolutes : number; thermodynamic entropy; 
and also action, that product of energy and time which gives us the 
quantum. 

In the old world of independent space and time, men had been 
accustomed to think of the whole of three-dimensional space as passing 
from moment to moment simultaneously, the past of the world being 
as it were separated from the future by the dividing plane of the 
present, which stretched everywhere at the same moment through 
space. But when, in 1676, Rdmer discovered that light travelled with 
a finite velocity, it must have been realized that the stars, visible 
simultaneously at one moment, were really seen as they existed at 
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Relativity times in the past depending on their distances — simultaneity had dis- 
appeared. The absolute “now” of former beliefs had become a merely 
relative “secn-now”. 



The recent developments in science have increased this relativity. 
If a traveller, moving with the velocity of light, takes a trip among the 
stars and returns to Earth after one of our years, to us, as we watch 
his flight, his mass will seem infinite and the movements of his brain 
infinitesimally slow. While we feel a year older, to him no time seems 
to have elapsed; he is still in the “now'* of our last year. Thus the 
analogy of a plane, the same for all men at all places, separating past 
and future, must be given up. From the point which Sir Arthur- 
Eddington called “hcre-now”, lines of “secn-now” must be drawn 
through space, making an angle with the axis of time of which the 
tangent is equal to the velocity of light.’ Anywhci'e within the three- 
dimensional surface thus generated, a surfiice analogous to a double 
cone or hour-glass in two dimensions, we get an absolute past or an 
absolute future. Outside it, things can co-cxist simultaneously at 
what must seem to any one observer different times. The neutral 
wedge, which separates past and future, can be called the absolute 
present or the absolute elsewhere, according as we regard it in terms 
of time or of space. 

The passage of time from past to future, which we interpret 
intuitively in terms of consciousness, has no counterpart in reversible 
physics. The equations of motion of ordinary dynamical systems, 
whether terrestrial or astronomic, can be read either way; wc cannot 

1 A. S. Eddington, Th Nature of the Physical Worlds Cambridge, 1928. I am indebted to 
Sir Arthur Eddington for permission to usejlhe diagram. 
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tell from Newton’s formulae in which direction a planet revolves 
round the Sun. 

But, in the second law of thermodynamics and the irreversible rise 
of the entropy of an isolated system towards a maximum, we have 
a physical process which can only proceed in one direction. The 
random scattering of molecules by their mutual collisions can only 
lead them to approach the distribution velocities given by the law 
of error. Unless we call up Maxwell’s daemon and gain control of 
individual molecules, or wait long enough for chance conjunctions of 
molecules to give groups by pure coincidence, this process of shuffling 
can only be reversed by a reversal in time itself. If we saw molecules 
collecting more and more into groups of equal velocities, we should 
have to conclude that lime was moving backward. The second law of 
thermodynamics, the principle of the increase in entropy, describes 
the one, all important process of nature which corresponds with the 
remorseless marcli of time in the human mind. 

In 1894 G. F. FitzGerald of Dublin wrote: ‘"Gravity is probably 
due to a change in structure of the aether, produced by the presence 
of matter.”^ 'Fhis stmtcncc, in the language of the older physics, 
expresses the result of applying a general form of relativity to gravita- 
tion, which was done by Einstein in 1915. He proved that the pro- 
perties of space, and especially the phenomena of the propagation 
of light, sliow that Minkowski’s space-time continuum resembles 
Riemann’s space and not Euclid’s, except in infinitely small regions,'^ 

In this space-time, there are natural paths, like the straight paths 
in thiec-dimcnsional space along which we are accustomed to imagine 
bodies moving when not acted on by a force. Since a projectile falls 
to the Earth and the planets circle round the Sun, we sec that near 
matter these paths must be curved, and consequently near matter 
there must be something analogous to a curvature of space-time. 
Another body entering this curved region tends to move towards or 
round the matter in a definite path. Indeed, as long as we think 
in terms of mass and not electricity, the only meaning of matter 

' Scientific Writings, P- 3J3- 

^ The distance between two points depends 011 the co-ordinate diflercnces dx dy. If the 
, form of the dependence is 

. dx"- + dx dy 

It is a Riemannian metric. A si^ecial case of this is given by 

ds^~dx'^’\-dy'^^ 

the theorem of l^ythagoras, wlien the continuiini is Euclidean. 

The quantities , ^,2, gn determine not only the metric of the continuum but also the 
gravitational field. By investigating the simplest mathematical forms to which these 
quantities can be subjected, Einstein discovered the new laws of gravity. 
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nowadays is a region in space-time where this curvature occurs. If we 
prevent the second body from moving freely, holding it up perhaps 
by the bombardment of the molecules of a chair or of the surface of 
the ground, we exert force on it, which seems to the body to be due 
to its own “weight”. 

This effect is well shown by a lift. When the lift starts upwards, it 
is subject to an acceleration which appears to the occupants as a 
temporary increase of their weight, an increase which may indeed be 
measured like ordinary weight by a spring balance. The effect of the 
acceleration is identical with the effect of a temporary increase in the 
so-called gravitational field, and it is impossible to distinguish between 
these two causes by any experiment known to us. 

But if a lift were allowed to fall freely, the occupants would not be 
conscious of motion. If one of them released an apple held in his 
hand, it would not fall faster than the lift, but would remain poised 
by the observer. This principle of equiva,lence, which first turned the 
subject towards gravitation, was set forth by Einstein in 1911, and 
the great mathematical difficulties were overcome during the next 
few years.’ 

It then became clear that Newton’s hypothesis of a gravitational 
attraction may be unnecessary. The movement of a body towards the 
Earth, or round it in an orbit, may merely be the tracing of its natural 
path in a curved region of space-time. 

Calculation shows that the consequences of this theory are nearly 
the same as Newton’s— quite the same to the usual order of accuracy 
of observation. Yet, in one or two phenomena, it is just possible to 
devise a crucial experiment. Of these the most famous is the deflection 
of a ray of light by the Sun, which, on Einstein’s principle, is twice 
what the Newtonian theory would indicate. The only way in which 
these minute deflections can be observed is to photograph during an 
eclipse of the Sun the image of a star which appears just outside the 
Sun’s disc. This was done during the eclipse of 1919 by Eddington at 
Principe in the Gulf of Guinea and by Grommelin in Brazil. Compared 

* See above, footnotes to pp. 1 79 and 203, Lagrange, Laplace and Hamilton. Einstein 
developed general equations which reduced to those of Laplace in the special case where 
neither matter nor energy is present at the point considered and to those of Poisson when 
the energy is entirely in the form of matter. 

A small particle moving in a statical field, in general relativity has its motion determined 
by the Lagrangian differential equation 

d /SL\ dL _ 
dt \ 5 xr/ dxr 

though L is not here, as in classical dynamics, a simple difierence of terms of kinetic and 
potential energy. ^ 
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with stars farther away from the Sun, it was found that the image of Relativity and 
the nearer star was displaced, and displaced to the amount required 
by Einstein. 

Secondly, the discrepancy of 42 seconds of arc per century in the 
orbit of Mercury, left over by the Newtonian theory, was at once 
explained by Einstein, who calculated a change of 43 seconds of arc. 

Thirdly, on the principle of relativity, an atom should vibrate more 
slowly in a gravitational field. Hence, on the average, the lines in the 
spectrum of the Sun, where gravity is more intense, should be dis- 
placed towards the red compared with the lines in corresponding 
terrestrial spectra. The shift to be expected is barely perceptible, but 
the balance of experimental evidence now goes to show that it exists. 

It should be larger in the spectra of dense stars, and, its truth being 
assumed, it has been used to measure the density of such stars. 

Thus it seems that, as an exact account, Newton’s theory must give 
place to Einstein’s. In two directions— in the quantum theory and 
in the theory of relativity — recent physics seem to be breaking away 
from the fundamental conceptions by which they have been guided 
successfully since the days of Galileo. The new thought needs new 
vehicles for its expression. In some ways, it is clear, the dynamics of 
Newton, which ushered in two glorious centuries of modern science, 
are proving inadequate to the ta.sks imposed by present knowledge. 

Even matter, the concept of which underlies classical dynamics, has 
now vanished. The essential idea of a substance, as something ex- 
tended in space and persistent in time, is now meaningless, since 
neither space nor time is either absolute or real. A substance has 
become a mere series of events, connected in some unknown and 
perhaps casual way, taking place in space-time. Relativity thus re- 
inforces the results which follow from the latest theory of the atom. 

Newton’s dynamics still suffice to predict physical happenings to a 
high degree of accuracy, and to solve the practical problems of the 
astronomer, the physicist and the engineer. But, as ultimate physical 
concepts, his theories pass with an honoured name into history. 

Perhaps the best way of deriving the laws of nature from the 
general principle of relativity is by the minimum principle applied by 
Hilbert in 1915. Hero of Alexandria discovered that reflected light 
travels by the path which makes the total distance traversed a 
minimum. This was extended by Fermat in the seventeenth century 
into a general principle of least time. A hundred years later, Mau- 
pertuis, Euler and Lagrange developed the dynamical principle of 
least action, and in 1834 Hamilton showed that all gravitational, 
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Relativity and dynamical and electrical laws could be represented as minimum 
Gravitation problems. Hilbert proved that, on the principle of relativity, gravita- 
tion acts so as to make the total curvature of space-time a minimum^ 
or, as Sir E. T. Whittaker puts it, “gravitation simply represents a 
continual effort of the universe to straighten itself out”.^ 

The general theory of relativity at once abolished the idea of a 
mechanical force due to gravitational attraction; gravity became 
a metric property of space-time. But, electrified or magnetic bodies 
had still to be regarded as acted on by forces. Attempts were made 
by Wcyl and others to bring them into line, but without complete 
success. But in 1929 Einstein announced that he had devised a new 
Unitary Field Theory which, taking space to be something between 
the space of Euclid and that of Riemann, makes electro-magnetism 
also a metric property of space-time.^ 

Another co-ordination of different concepts was announced by 
Eddington in 1928.^ The electronic charge e appears in the wave- 
equation for two electrons in the combination Ac/ 27 t^“, where h is the 
quantum of' action, and c the velocity of light. On tlie ])rinciplcs of 
quanta and relativity, Eddington calculates the numerical value of 
this combination as 136. Millikan’s value for e gives for tlic same 
quantity the figure 137-1. The discrepancy is greater than probable 
experimental errors, but the approximation is of great interest. 
Indeed, it became increasingly probable that all these modern concepts 
might be brought together in a new physical synthesis. 

Recent The basic principles of thermodynamics, as set forth in Chapter vi. 
Physics 

to Thomson and Joule’s experiment on the free expansion of 
gases, to the absolute scale of temperature and to the liquefaction of 
hydrogen and helium (p. 234). In later years these methods have 
been developed on the engineering scale. They have given large 
quantities of liquid air and other gases to industry, and have placed 
excessively low temperatures at the disposal of the physicist, the 
chemist, and the engineer. The boiling point at atmospheric pressure 
of hydrogen is - 252-5 C. and of helium -268-7 C. It may be of 
interest to note that P. L. Kapitza devised a new type of adiabatic 
apparatus in 1931 -1933 for liquefying hydrogen and helium. It 
consists of a reciprocating engine with a loosely fitting piston. The gas 

' All physical happenings, gravitational, electrical, clc. are determined by a scalar 
world function §, being such as to annul the variation of the integral 

M S (^2 dx^. 

2 Bntuh Association Report, 1927, Address to Section A, p. 23. 

^ A. Einstein, two articles in The Times of February 3rd and 5th, 1929. 

^ A. S. Eddington, Proc. Roy, Soc. A, vol. cxxii, 1928, p. 358. 
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is cooled in liquid air or nitrogen, compressed to 25-30 atmospheres Recent 
in the engine, and allowed to escape through the gap between piston 
and cylinder. It is thus further cooled and finally liquefied by the 
Thomson-Joule method. With modern apparatus, temperatures within 
a fraction of a degree of the absolute zero can be obtained. 

The properties of matter in bulk, with all its irregularities and 
turbulences, has been studied both mathematically and experimentally 
by Sir Geoflrey Taylor, and an approach to a complete theory 
reached. His results have many applications, particularly to meteoro- 
logy and aeronautics, to the flow of turbulent fluids through pipes 
and to the plastic deformation of crystals. 

A new method of investigating the magnetic properties of metals 
and other magnetic effects was developed in 1924, 1927, and suc- 
ceeding years by P. L. Kapitza, working first at Cambridge and then 
ill Moscow.^ The essential feature of the method is the passing of an 
intense electric current through a coil for a small fraction of a second, 
during which the experiment is carried out by means of automatic 
machinery, the object of this rapid working being to prevent over- 
heating. The currents were at first obtained by charging slowly and 
discharging quickly a battery of accumulators ; but later a 2000 kilo- 
watt electrical generator of the single phase turbo-alternator type was 
usc*d, the energy being stored as kinetic energy in the rotor of the 
generator, and liberated as electrical energy when the machine was 
short-circuited through the coil. An automatic switch made the circuit 
when the electromotive force was zero, and broke it when the current 
next vanished. Only one half-cycle of the alternating current was 
used, and this half-cycle was performed in about second, the 
windings being arranged to give a current-wave with a flat top, so that 
the magnetic field was nearly constant for the short time involved. 

It reached a value of several hundred thousand gauss. The plant had 
to be made on the large engineering scale at great cost, and a special 
laboratory built to contain it. The coil was 20 metres away from the 
alternator, and the whole experiment was over before the shock of 
the short-circuit, which travelled through the ground at 2000-3000 
metres per second, reached the eipparatus. 

With the first plant, Kapitza and H. W. B. Skinner reinvestigated 
the Zeeman effect in a field of 130,000 gauss, and, with the second, 
Kapitza measured the specific resistances of bismuth and gold crystals. 

It was found that the change in weak magnetic fields followed a 
^ Proc. Roy. Soc. A, 1924, 1927. 
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Recent square law, and in strong fields a linear one; measurements on 35 

Physics metallic elements were made at room temperature and down to that 
of liquid air. In 1931-1933 the magnetic susceptibilities of many 
substances were determined throughout a wide range of temperature 
by the use of the new apparatus for liquefying hydrogen and helium 
which Kapitza had devised. 

On p. 376 a description was given of the initial work on thermionics. 
Sir O. W. Richardson was the first to study in detail the escape of 
electrons from hot bodies in a vacuum, and to give a full interpre- 
tation thereof, while his work on photo-emission did much to explain 
the interaction between matter and radiation. He has also investi- 
gated the electron emission associated with chemical action, and con- 
tributed towards filling the gap between ultra-violet and X-ray 
spectra. More recently Richardson has applied the new quantum 
mechanics to the problems of the hydrogen spectrum and of the 
structure of the hydrogen molecule. 

Among the new kinds of apparatus which have been invented to 
conduct modern physics, and have in turn led to fresh problems and 
their solutions, we must mention the electron microscope. As we have 
seen above, streams of electrons arc delleclccl from a straight path by 
a magnetic force, just as rays of liglil are deflected by a lens. And, as 
lenses can be arranged to give a magnified image with light, so 
magnetic forces can be used to give a pattern on a photographic plate. 
Since the wave-lengths of the waves associated with electrons are only 
one millionth part of the wave-lengths of light, good definition can 
be obtained witl^ minute objects. Virus particles have been photo- 
graphed, and an approach made to molecular dimensions. 

The theory of electro-magnetic waves is due to Clerk Maxwell 
(1870) and their first detection to Hertz (1887). Their use in radio- 
telegraphy and telephony was made possible by two practical inven- 
tions — the application by Marconi of an aerial wire or antenna to 
despatch and collect the signals and put enough energy into action, 
and the application of the work described above in the thermionic 
valve. 

The waves used by Hertz and other early experimenters consisted 
of electric oscillations from an induction coil, heavily damped and 
rapidly dying away. But for radio-transmission a train of continuous, 
undamped waves is necessary. If a hot wire be connected with the 
negative terminal of a battery, and a metal plate inside the bulb with 
the positive terminal, a continuous negative current will pass from 
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wire to plate, carried by the emitted electrons, though, if the terminals Recent 
be reversed, no appreciable current will flow ; thus the thermionic valve 
can act as a rectifier, letting one half of the wave pass and stopping 
the other. If a grid of wire gauze be put between the hot wire and the 
plate, and be positively electrified, it will help the emission of electrons 
and increase the thermionic current, but when negative, decrease it. 

When it alternates in potential, the current will oscillate, superposing 
an alternating current on a direct one. These alternations are passed 
through the primary circuit of a transformer, and from the secondary 
back to give the grid its proper alternating potential and thus main- 
tain the action of the apparatus. Hence a thermionic valve may be 
used both to emit a steady, undamped train of waves, and to rectify 
them when received. By interrupting these rectified currents from 
TOO to 10,000 times a second and passing them through a telephone, 
a sound of corresponding pitch is produced, and radio-speech 
becomes possible. 

The energy radiated from an antenna can be divided into an earth 
wave, gliding over the surface of the ground, and a sky-wave which 
starts above the horizontal. The latter waves retain their energy at 
much greater distances than would be expected if the sky-wave 
travelled freely through space. The long-distance transmission is due 
to ionization of the earth’s upper atmosphere by rays from the sun, 
making it a conductor. This part of the atmosphere is called the iono- 
sphere or the Kcnnclly-Hcavisidc layer from those who first suggested 
its existence. The electric waves, entering the conducting region, arc 
reflected or refracted back to earth, and, if the distance is great enough, 
again from earth to ionosphere, perhaps several times, and thus travel 
as through a channel. By examining the behaviour of long-distance 
radio-waves, much information about the ionosphere layer or layers 
has been obtained, first by Sir Edward Appleton and Barnet and, in 
1925, by means of short pulses of radio-waves, by Breit and Tuve in 
America. Then, in 1 926, Appleton showed there was another reflecting, 
or refracting layer, some 150 miles above the ground, electrically 
stronger than the other. This reflection enables radio-waves to bend 
and pass round the Earth. Similar principles underlie the practice 
of radio-location, now called radar. 

Solid bodies reflect radio-waves and thus give an echo at the place 
of projection. The great value of this principle for the operations of 
war led to an amazing development of radar in all directions during 
the years 1939-1945.^ 

' Radar, Governments of the United States of America and Great Britain, 1945. 
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For most purposes the pulse method is used; an electric oscillator 
emits a burst of radiation with wave-lengths measured in centimetres 
— bursts which sometimes last only for the millionth of a second. 
Enough power is obtained by a magnetron — a valve in which the 
electrons are controlled magnetically — a device produced by a team 
of workers in the University of Birmingham. By means of antennae, 
the energy is concentrated into a clearly defined beam, which can 
search space as does a visual search-light, revealing distant objects — 
ships, aeroplanes, flying bombs, ground-contours, even the collection 
of rain-drops which heralds an approaching storm. The echoes arc 
caught by a heterodyne receiver and displayed on a cathode ray tube 
indicator. 

In 1940 British radar disclosed enemy planes as their attack 
developed, and, by helping to win the Battle of Britain, enabled 
the few to save the many. Co-operation with the United States 
confirmed the superiority of the Allies’ radar and went far to win 
the war. 

Naval tactics and indeed navigation have been revolutionized, 
for radar can sec and locate ships at a distance, and fight a fleet 
action when the enemy is out of visual sight. Radar is independent 
of darkness; it can guide vessels through fog into harbour, and bring 
aeroplanes to their target and home again. 

It has been stated above that, while the cloud tracks of tlic 
positively electrified particles emitted by radio-active substances are 
usually straight, occasionally a sharp change in direction is seen. In 
1 91 1 Rutherford had deduced the occurrence of these rare deflections 
from less direct observations and had imagined that the core of an 
atom consists in a minute positive nucleus which repels the a particle 
on collision.^ 

At first the atom was pictured as a planetary system with negative 
electrons circling round the nucleus in Newtonian paths, but, as 
explained, the invention and application of the quantum theory 
brought about a revolution in atomic concepts. The main features of 
the new theory were established in the period already covered. But, 
in later years, a second revolution in ideas has followed, a revolution 
which depends chiefly on the discovery of new kinds of sub-atomic 
particles, and new methods of producing, counting, and using them. 


* N. Feather, Nuclear Physics, Cambridge, 1936; Lord Rutherford, The Newer Alchemy, 
Cambridge, 1937; C. Gaiiiow, Atomic Nuclei, Oxford, 1937; E. N. da C. Andrade, The 
Atom and Energy, London, 1947; Sir George 'rhornson, The Atom, Oxford, 1947. 
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Before dealing with these new particles, we must trace the great 
advance made by Aston and others in our knowledge of atomic 
weights of the atoms of elements and their isotopes.^ Aston’s mass 
spectrograph, the first model of which is now in the Science Museum, 
South Kensington, was based on the principle of Sir J. J. Thomson’s 
apparatus for examining positive rays. The glass bulb 5 , kept at low 
pressure by a mercury pump, contains cither a volatile compound of 
the element to be examined or an anode of one of its halide salts. The 
anode is at ^ 4 , and the cathode C is pierced by a slit . A second slit 
S2 serves to give a narrow beam of positive rays, coming from the 
anode and passing through the pierced cathode. This narrow beam 



is led between two insulated plates £, and connected with the 
opposite poles of a battery of 200-500 volts, and is thereby spread out 
into an electric spectrum. Next, by means of two diaphragms, one 
part of the sjDCCtrum is isolated, and then passed between the poles of 
an electric magnet M. Two earthed brass plates F protect the rays 
from any stray electric field, and the rays, giving a focused image of 
the slit, then fall on to the photographic plate. The dellections pro- 
duced by the electric and magnetic forces focus rays of different 
velocities but of the same value of (the ratio of charge to mass) on 
to a single spot of the plate. 

Taking one spectrum line as known and comparing it with others in 
unknown electric and magnetic fields, the relative masses of the atomic 
projectiles can be determined. Or again, keeping the magnetic field 
constant, and adjusting the electric field till the unknown line occupies 
the former position of the known line, the relative mass can be 
calculated from the strength of the electric field. In either way, the 
masses of known and unknown particles can be compared; the instru- 
ment gives measurements depending on mass alone, and can rightly 
be called a mass spectrograph. In its first form it gave masses accurate 

* F. W. Aston, Mass Spectra and Isotopes, London, 1933. 
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to I part in 1000, and in a second and improved form to i in 10,000. 
Another kind of apparatus, in which the rays were bent into a semi- 
circle by the magnetic field, was invented by Dempster of Chicago. 
Yet another mass spectrograph has been devised by Bainbridge of 
Harvard, and very accurate measurements made. 

As soon as Aston’s first mass spectrograph was brought into operation 
in 1919, results poured out in a rapid stream. Two definite spectrum 
lines confirmed Thomson’s result for neon, and, for a time, a new 
isotope was discovered almost every week. In 1933 Aston could say 
in his book Mass Spectra and Isotopes’. “At the present time out of all 
the elements known to exist in reasonable quantities, only eighteen 
remain without analysis”, and by 1935 about 250 stable isotopes were . 
known. The most complex element seems to be tin, with eleven iso- 
topes ranging in mass numbers from 1 1 2 to 1 24. By these experiments 
the atomic law of whole numbers, first suggested by Prout, has been 
confirmed, and for practically every number up to 210 a stable 
elementary atom is known. Many places are filled twice over and 
a few three times with “isobars”, that is, atoms of the same weight 
but diflercnt chemical properties.^ 

As explained above, the nature of the a and fi particles was estab- 
lished in Rutherford’s early work on radio-activity. The a particle is 
a helium nucleus; it possesses, according to Aston’s measurement, 
a nuclear mass of 4-0029 (oxygen being 16), and a positive electric 
charge +2e, twice the negative charge —e on the electron. The a 
particle moves with a velocity ranging round 2x10^ centimetres, or 
1 0,000 miles a second. The hydrogen nucleus, or proton, was then given 
a mass of 1-0076 and a positive charge of le. Birgc pointed out that 
the facts indicated the existence of a heavy isotope of hydrogen, while 
Giauque and Johnson, by observations on band spectra, and later 
Mcckc, obtained evidence of heavy oxygen of mass 17 and 19. 

In 1932 Urey, by a process of fractionizatiori, discovered that an 
isotope of hydrogen with mass 2, double the normal, is present to the 
amount of one part in 4000 in ordinary hydrogen.'^ This heavy 
hydrogen (^H) was named “deuterium” (D), and, if an electric dis- 
charge be passed through it, some of the atoms lose an electron and 
become positive ions, now called “deuterons”. They are, it seems, 
made of a proton and neutron linked together. By electrolysing 
ordinary water, Washburn obtained a new substance, heavy water, 

' F. W. Aston, “Forty Years of Atomic Theory”, in Background to Modern Science, 
Cambridge, 1938. 

2 Phys. Review, xl, i 932, p. i . 
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in which ordinary hydrogen is replaced by the isotope. The heavy 
water was isolated by Lewis; it is about ii per cent, denser than 
ordinary water, and has different freezing and boiling points. Now 
that deuterium is available, the mass of neutral hydrogen (*H) can 
be determined more accurately, and is found to be i’Oo8i2. 

Yet other penetrating rays, which are always passing through the 
atmosphere, can be delected in a Wilsonian cloud chamber. They 
seem to be of cosmic origin, and have been much studied in recent 
years, especially by R. A. Millikan and his colleagues.^ The subject 
may be said to have begun in 1909 by Gockcl, and followed later by 
Hess and Kolhorster, all of whom found that an electroscope dis- 
charged faster when taken up in a balloon than on the earth’s surface, 
indicating an increase in the number of ionizing rays. In 1922 these 
experiments were extended to 55,000 feet by Bowen and Millikan, 
and in 1925 Millikan and Cameron sank electroscopes to depths of 
70 feet in radium-free water, and noted a continuous decrease in the 
rate of discharge. In later years other obs('.rvers have gone to greater 
depths. These rays, then, are more penetrating than any terrestrial 
ray. The magnetic effect of the earth on the rays is irreconcilable with 
the idea of a source in the upper atmosphere. Moreover, the rays are 
of the same intensity day and night, so they cannot come from the 
Sun, and they still arrive in the southern hemisphere when the Milky 
AVay is not visible; therefore they cannot originate in our galaxy, but 
must come from bodies beyond it or from free space. 

The energies of these rays, estimated roughly by their pcriclration, 
were first measured more accurately by Carl Anderson and Millikan 
by passing them through a very intense magnetic field and observing 
the deflections. The energies ranged round 6 thousand million electron- 
volts in a fairly definite band. With this apparatus Carl Anderson in 
1932 discovered po.sitive particles with the mass of negative electrons, 
the existence of which had been foretold theoretically by Dirac. To 
these particles the name of positrons has been given. It will be 
remembered that previously the smallest positive particle known was 
the nucleus of the hydrogen atom, or proton, with a mass about 
2000 times greater than that of the electron; thus our concept of 
matter was once more radically changed. 

In their passage through matter, the positrons, like other electrified 
particles, give rise to electro-magnetic waves, and in cosmic rays the 

^ R. A. Millikan, Cosmic Rays, Cambridge, 1939. R. A. Millikan and H. V. Neher, 
Cnergy Distribution of Incoming Cosmic Ray Particles, American Philosophical Society, 1940. 
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frequencies, higher than those of X and y rays, range from lo^^ 
10^^ per second, visible light being about lo^"*. These frequencies are 
measured, not directly, but by the energy divided by Planck’s 
constant h. 

In 1923, on the lines of the quantum theory, Compton put forward 
the idea of a unit of radiation comparable with the electron and 
proton; he called it a photon. When a photon impinges with enough 
energy on the nucleus of an atom, especially a heavy atom, a positive- 
negative electron pair appears in the cloud chamber. This was 
suggested by Blackett and Occhialini in 1933, and soon afterwards 
confirmed by Anderson. The kinetic energy of such a pair of created 
electrons was about i *6 million electron-volts, when the energy of the 
incident photon was 2-6 million ^-volts. The diflerence of i million 
^-volts measures the “proper” energy of the electron pair, materialized 
from photons of radiant energy, a conversion of radiation into matter. 
Conversely, if a positive and negative electron annihilate each other, 
two photons of electro-magnetic radiation, each of energy half a 
million ^-volts, shoot out in opposite directions. This was proved 
experimentally in 1933 by Thibaud and by Joliot. 

In cosmic rays, energies of 3 or 4 thousand million ( 1 0^) ^-volts have 
been found at sea-level. The rays often appear in showers, more often 
if measured at the elevation of the 14,000 feet of Pike’s Peak. According 
to the Bcthe-Heitler theory of shower formation, an incoming electron 
of high energy' first transforms that energy into an “impulse photon ” ; 
this produces an electron pair, each electron of which repeats the process 
till all the energy is degraded into lower energy photons and electrons. 
It is probable that the positives that come in from outside do not get 
down to sea-level, and that the high energy positives and negatives 
observed in cloud chambers are secondaries produced in the atmo- 
sphere. Anderson and Neddcrmeyer assumed in 1934 that the highly 
penetrating tracks are those of particles of mass intermediate between 
electrons and protons, particles which Anderson hence called meso- 
trons. They confirmed their supposition in 1938, and, measuring the 
mass, found 220 electron masses, while other observers in 1939 ob- 
tained 200 electron masses, the proton being about 2000. It will be 
seen what a complex picture is now necessary to represent the structure 
of matter. 

For the most part, the particles found in cosmic rays are electrons, 
the number of protons being small. This indicates that the rays 
cannot have come through an appreciable amount of matter before 
entering the solar system; thus again it seems that they cannot 
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originate within the stars of our stellar galaxy, but must come from 
outer space. 

The mode or cause of origin of the cosmic rays is still a matter 
of speculation. Suggestions have been made that they are produced 

(1) by the fall of electrons through some celestial electrostatic field, or 

(2) through the magnetic fields of double stars, or (3) by the complete 
or partial transformation of the mass of atoms into cosmic radiation 
in accordance with Einstein’s equation mc^ = £. The most abundant 
elements would release energies ranging from ii to 28 thousand 
million ^-volts, and half the energy should shoot away in one direction, 
and half in the opposite direction. Thus one half would give a band 
between 5 and 14x10® volts, and these are about the observed 
values. 

It will be remembered that in 1919 Rutherlbrd discovered that 
bombardment with a rays induces atomic transformation in certain 
elements such as nitrogen, with the emission of fiist moving hydrogen 
nuclei or protons, a discovery soon afterwards confirmed by Blackett, 
who photographed the paths of the protons in a Wilsonian cloud 
chamber. This discovery was the starting point of an immense develop- 
ment in controlled atomic transformations which gave surprising 
results. When beryllium of mass 9 was so bombarded by Bothe, he 
obtained a new radiation even more penetrating than the hardest 
y rays from radium. In 1932 (Sir) James Chadwick proved that the 
main part of this radiation was not of y-ray type, but consisted of 
a stream of swift, uncharged particles about equal in mass to hydrogen 
atoms. They can conveniently be obtained by mixing some milli- 
grammes of a radium salt with powdered beryllium in a sealed tube, 
through the walls of which the particles escape. On account of the 
absence of charge these particles, now called neutrons, pass freely 
through atoms in their paths and produce no ionization. 

The following is a list of particles known in 1944; doubtless more 
may be discovered. 


Name 

Mass ill 
electron units 

Electric charge 

Electron or /5 particle 

I 

— e 

Positron 

I 


Mesotron 

200 


Proton 

1800 


Neutron 

1800 

0 

Deuteron 

3600 


a particle 

7200 



Besides these particles, reckoned as material, there is the photon, 
the unit of radiation. The Universe is indeed complex and mysterious. 
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As Feather, Harkins and Fermi have shown, neutrons, especially 
slow neutrons, though they do not cause ionization, are very effective 
in inducing nuclear transformations. They are not repelled by a 
positively charged nucleus, as arc a particles, and therefore easily 
enter a dense nucleus and change its nature. For instance, when the 
experiment is performed with a photographic plate impregnated with 
a lithium salt, the opposite tracks are visible in a microscope. Similar 
transformations are found with boron and especially with a lighter 
isotope of uranium. 

When these light atoms were bombarded directly with a rays, 
M. and Mme Curie-Joliot obtained new radio-active substances. For 
instance, when boron was bombarded by a rays for a time, it was 
afterwards found to emit a stream of positrons. The activity decays, 
as does normal radio-activity, in a geometrical progression with the 
time, falling to half value in ii minutes. The transmutation ma\ be 
indicated by a chemical equation 

-f + neutron. 

The nitrogen nucleus owing to excess of energy, is unstable, 
breaking into the more stable and a neutron. Then the passes 
more slowly into stable carbon and a positron. 


The radio-nitrogen can be collected as a radio-active gas with the 
chemical properties of nitrogen. 

A large number of substances have been made radio-ac tive by 
a particles, fast protons, and especially slow neutrons, which latter 
are effective even with the heaviest elements. But hitherto we have 
described only the controlled transmutation of elements by bom- 
barding them with particles of different kinds, all derived directly or 
indirectly from radio-active substances. The number of such particles 
which can be obtained by these processes is very small, and for many 
years physicists hoped that artificial means of producing intense 
streams of effective particles might be invented. At^a later date these 
hopes were realized. 

By passing an electric discharge through hydrogen or its isotope 
deuterium, a copious supply of protons and deuterons can be obtained, 
but, to give them the high velocities needed to cause transmutations, 
they must be accelerated in an enormously strong electric field. 
Large-scale engineering apparatus is necessary to give voltages up to 
a million, with modern high-sgeed pumps to maintain a good vacuum. 
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In their pioneer experiments in Cambridge, Cockcroft and Walton The Nuclear 
multiplied the voltage of a transformer by a system of condensers and 
rectifiers, and it is now expected to obtain, with a gigantic apparatus, 
a direct current having a voltage of 2 million, which should give a 
spark about 20 feet long. Again, an electrostatic apparatus has been 
devised by Van de Graaff of Washington, in which a conveyor con- 
tinually puts charges into a hollow metal insulated ball till a potential 
of some 5 million volts is reached. 

Professor E. Lawrence of California has invented an accelerating 
apparatus, called a ‘‘cyclotron”, in which ions pass through an 
alternating electric field and also through a magnetic field at right 
angles, an arrangement which makes the proton or dcuteron describe 
a spiral path of steadily increasing radius, entering and leaving the 
electric field at intervals. For a particular frequency of the alternating 
potential the ions always arrive in the electric field at a moment 
when the electric force is in the direction to accelerate them further. 

In this way Lawrence obtained intense streams of protons and 
deuterons with energies as high as 16 million volts, carrying a current 
of 100 micro-amperes. This is equivalent to the projection of a 
particles which would proceed from about iG kilogrammes of pure 
radium. 

Such apparatus puts very powerful weapons in the hands of experi- 
menters; but Cockcroft and Walton showed that lithium and boron 
could be transformed artificially with protons of the order of a mere 
1 00,000 volts. From that voltage to the millions of the cyclotrons, our 
laboratories are now supplied with a wide range of transmuting 
projectiles. 

Lithium consists of two isotopes with masses 6 and 7. Under proton 
bombardment, a proton occasionally enters a ^Li nucleus. The resulting 
^‘Be is unstable and instantly breaks up into two fast a particles, that 
is helium nuclei, moving in opposite directions. If we use deuterons 
instead of protons as projectiles, the capture of a deuteron by ®Li again 
gives a ®Be nucleus, but with a great excess of energy. This explodes as 
before into two a particles, but these have greater speed than those 
derived by a proton from ^Li. The capture of a deuteron by ^Li forms 
•'Be, which at once disintegrates into two a particles and a neutron. 

These transmutations are merely examples, first studied by Oliphant 
and Harteck. They can be obtained with as little as 20,000 volts to 
accelerate the deuteron projectile. Many far more complicated changes 
have been worked out. From the experiments, new isotopes such as 
hydrogen of mass 3 (^H) and helium also of mass 3 (^Hc) have 



THE NEW ERA IN PHYSICS 


422 

Nuclear emerged. The masses of these two isotopes can be calculated from 
a knowledge of the energies released ; 

m +2h =ih 

2-0147 + 2*0147 = I -0081 + -h 0-0042. 

The atomic masses of hydrogen and deuterium are those found by 
Aston with the mass spectrograph. The value of E is obtained from the 
observed range of the protons in air, 14-70 centimetres, indicating an 
energy of 2-98 million volts. Three quarters of the energy released arc 
due to the kinetic energy of the proton, and thus the total of E is 3*97 
million volts. On Einstein’s theory, mass and energy are equivalent, 
and a decrease dm in mass corresponds to a release of energy c-rfm, 
where c is the velocity of light in centimetres per second, 3 x 10’^. 
Thus 3-97 million volts are equivalent to a mass 0-0042, and the mass 
of is 3-0171. 

Lawrence and his colleagues, using the very fast deulerons with 
energies up to 16 million volts obtained with a cyclotron, have bom- 
barded bismuth, and converted it into a radio-active isotope identical 
with the natural radio-active product radium E, a result of great 
interest. Similarly, sodium of mass 23 or its salts, bombarded by fast 
deutcrons, yields a radio-active isotope of mass 24. This radio-sodium 
breaks up with the emission of a jS particle and forms stable nuclei of 
magnesium of mass also 24, the half-period of decay being 15 hours. 
Intense sources of radio-sodium have thus been obtained by Lawrence ; 
they may possibly be used as a substitute for radium in tlierapcutic 
work. 

By the use of y radiation Chadwick and Goldhaber have broken up 
the deuteron into a proton and neutron, and Szilard has converted 
beryllium of mass 9 into ^^Be and a neutron. The development of this 
method depends on obtaining intense y rays of high energy. 

In the course of this recent work more than 250 new radio-active 
substances have been recorded. It is possible that such unstable 
isotopes of the elements may have existed in the Sun, and in the 
Earth as it separated from the Sun, but vanished as the Earth cooled 
down, leaving the long period substances uranium and thorium as 
the sole survivors. 

Some of the energy changes iu these forced transformations are 
even greater than those in natural radio-active disintegration. For 
instance, a deuteron of energy 21,000 volts will transform an atom of 
lithium with an emission of energy .of 22-5 million volts. There is, 
therefore, a large gain of energy, and at first sight it looks as though 
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we had in this way a limitless source of atomic power. But only 
about one deuteron in 10^ is effective, so that on balance, more energy 
had to be supplied than was emitted, and, in the case of neutrons, 
the neutrons themselves could only be obtained by very inefficient 
processes. In 1937 it certainly seemed that the outlook for gaining 
useful energy from the atoms by artificial processes of transformation 
did not look promising. On this one can only remark that before 
now in the history of applied science prospects of even less promise 
have confounded the prophets. Indeed, in 1939 Hahn and Meitner 
found that, when an atom of uranium was struck by a neutron, its 
nucleus divided into two main parts, each about half the mass of the 
whole, and accompanied by two, three or four other neutrons. At 
first sight, this seems to be the cumulative process sought, but it is only 
a lighter isotope of uranium, with an atomic weight of 235 instead of 
238, which dissociates to any useful extent, and it is present only in 
small quantities. The 235 isotope was first detected by Dempster, and 
its dissociation investigated by Nier of Minnesota and by Booth, 
Dunning and Grossc of Columbia, New York.^ Similar processes 
occur with thorium. Flie separation of isotopes was actively pursued 
in many laboratories; but the difficulties were great, and it needed 
the stimulus of war to carry the enquiry to its climax. First the lighter 
isotope, Ur 235, had to be separated from the greatly preponderating 
Ur 238, by a process of diffusion through small holes or by Aston’s 
mass spectograph. With small quantities of material, a chain reaction 
docs not start because the neutrons escape : the substance is stable 
and quite safe. But if two harmless lumps are put together and 
exceed a critical amount, the dissociation becomes cumulative and 
a stupendous explosion occurs. 

While chemical actions are brought about by changes in the outer 
electrons of the atoms, these explosions are due to a shattering of the 
nucleus — a much more portentous happening. The nuclear energy 
emitted by one pound of uranium equals the thermal energy given 
by the burning of many tons of coal. 

Uranium of atomic weight 238 can be used to capture neutrons of 
medium energy and emit electrons. This process forms an element 
hitherto unknown, to which the name of plutonium has been given. 

For peaceful purposes it may be necessary to control and slow down 
the nuclear reaction by absorbing in “moderators ’ some of the 
neutrons liberated. Such moderators are found in light atoms 

‘ Aston, Alass Spectra and Isotopes, London, 1942* Atomic Bomb, Stationery Office, 
L945- 
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carbon in the form of graphite or the isotope of hydrogen in “heavy 
water’’ described above. Uranium 238 can be inserted into the 
“pile” of a moderator, and heat liberated to be used to develop power. 

In the war of 1939-45, physicists, chemists and engineers in the 
United States and Great Britain pooled their knowledge, worked 
together, and won the deadly race with the Germans for an atomic 
bomb. The huge and complex factories needed were erected in one 
of the wide open spaces of America, and two bombs, dropped on 
Japan in 1945, finished the war. It remains for Statesmen of all nations 
so to control the use of nuclear energy that it may prove a blessing 
and not a curse to mankind. Deadly dangers confront us, but ])erhaps 
nuclear power may frighten the nations into the paths of peace. \ 
The abolition of war would be the greatest triumph of science. 

Meanwhile, peaceful applications of atomic research are already 
being made by Sir Henry Dale and others. One of the most striking 
is the use of so-called “tracer elements” — substances of which the 
presence and motion can be followed by observing their properties. 
Perhaps the best of these are certain radio-active bodies, and now 
that immensely larger quantities are available as by-products of the 
atomic pile, their uses are developing fast. Radio-active atoms may 
be fed to animals in organic compounds and the movement of the con- 
stituents may be followed in the body by a Geigcr-Muller counter.^ 
It is not too much to say that radio-active tracer elements have 
opened a completely new field in bio-physics and bio-chemistry, and 
in medicine have given a new method of diagnosis. 

Again, the large-scale production of radio-active substances has 
made radiation therapy both easier and cheaper, as, for instance, in 
the destruction of cancerous tissue. 

The effectiveness of agricultural fertilizers can be measured by 
mixing a tracer with the fertiliser, and estimating the radio-activity 
which appears in a plant of the crop. The uses of tracer elements are 
almost illimitable. 

Recent developments of physical theory have usually made it easier 
to obtain the equations which give the mathematics of a phenomenon 
than to interpret them in physical terms. For instance, the quantum 
mechanics of Heisenberg and Schrodinger were first worked out for 
simple examples, from which a general mathematical scheme was 
constructed, leading to physical interpretations such as the super- 

* In the Geiger-Mullcr counter a fine wire is stretched along the axis of a conducting 
cylinder. A ditfcrcnce of electric potential of about i ooo volts between wire and cylinder 
enables the observer to detect the entr>' of a single electron. 
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position of states and the principle of indeterminacy, and so to a 
satisfactory non-relativistic quantum theory. 

To make the theory relativistic, Dirac again finds the mathematics 
easy to work out, but difficulties arise in the interpretation, which can 
best be expressed in terms of initial and transitional chances.^ Thus 
physics, as always, has to be left as an exercise in probability. 

An advance towards the new physical synthesis for which we have 
been waiting has been made by Eddington. He has linked gravitation 
with electricity and quantum theory by comparing the theoretical 
with the observed values of physical constants such as the masses of 
the proton and electron and their charges of electricity, obtaining 
most striking agreement.^ A summary of the problems of modern 
physics has been given by J. Frenkel.'^ 

I'he kinetics of chemical change have been the subject of continued 
study in modern times. Arrhenius was the first to suggest that in a 
given mass there is only a certain number of active molecules, in- 
creasing as the temperature is raised — a theory now doubtful. It is 
now thought that these molecules become fast moving, and therefore 
active, by virtue of ‘‘ collisions ’V even perhaps in the case of mono- 
molecular reactions.^ 

Ammonia and nitrates are needed for agricultural fertilizers, and 
nitrates for explosives in mining and warfare. Fears were once ex- 
pressed, especially by Crookes, that, with the exhaustion of the Chili 
nitrate beds, fertilizers, and with them the world’s supply of wheat, 
might become inadeejuate. We have seen this happen as a result of 
war, but not in normal peace: plant breeders have produced varieties 
of wheat that will grow farther north and so over larger areas, and 
chemists have synthesized ammonia and nitrates. 

Cavendish passed an electric spark through air and obtained acids, 
and a hundred years later the process was developed on the large 
scale by Birkeland and Eyde in Norway. Again, Nernst and Jost, and 
later Haber and Le Rossignol, investigated the equilibrium between 
ammonia, nitrogen and hydrogen under different temperatures and 
pressures, and, with the help of various catalysts, from these investiga- 
tions a laboratory process for the making of ammonia from air was 
worked out about 1905, and by 1912 the Haber process had become 

' Royal Society, Bakcrian Lecture, 1941. 

2 Proc. Physical Society^ uv, 1942, p. 491, ’ Nature^ Sept. 30 and Oct. 7, 1944. 

* Alexander J 'jndlay, A Hundred Tears of Chemistry ^ London, 1937. A. J. Berry, Modern 
Chemistry, Cambridge, 1946. 

® C. N. Hinshelwood, The Kinetics of Chemical Change in Gaseous Systems. 

® F. A, Lindemanii (Lord Cherwell), Faraday Soc. 1922. 
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Chemistry an industrial and military success, which was enormously stimulated 
by the demand for nitrates in Germany before and during the war of 
1914-1918. Nitrogen and hydrogen were circulated over a catalyst 
at a pressure of 200 atmospheres or more and a temperature of 
500^^ C. The ammonia is converted into ammonium sulphate by 
interaction with sulphuric acid or calcium sulphate, or into nitrates 
by passing heated ammonia and air over a catalyst such as platinum 
sponge. . 

Catalysts, first observed more than a hundred years ago, are now 
of the greatest importance, both in the theory of chemical kinetics 
and many chemical industries. Catalysts have long been em- 
ployed in such reactions as the Haber process, and in recent years 
their use has been very much extended.^ By passing hydrogen 
through hot liquid oil in presence of finely divided nickel, the oil is 
hydrogenated, and a fat, of higher melting point and often of more 
edible nature, is obtained. Again, hydrogen may be passed under 
pressure into a hot paste of powdered coal and tar; in presence of 
a suitable catalyst, hydrogenation occurs, and the product when 
distilled yields motor spirit, a middle oil, and a heavy oil. Endless 
other examples of the use of catalysts might be given. ‘ 

The gaps in Moseley’s Table have now nearly all been filled. In 
1925 W. and I. Nodack, using X-ray analysis, discovered the elements 
43 and 75, which were named masurium and rhenium, and in 1926 
B. S. Hopkins announced element 61 — illinium, perhaps not yet fully 
confirmed. The last clement but one for which there is room in the 
Table — eka-iodine — has recently been obtained by Corson, Mac- 
kenzie and Segre of the University of California by the bombardment 
of bismuth with a particles from a cyclotron. 

The Rutherford-Bohr theory of the atom, as afterwards modified, 
gives us an electronic conception of chemical structure. The orbits or 
energy levels which an electron can occupy are defined by the principal 
quantum numbers w = i, 2, 3, etc., which also denote the number of 
electrons in the shell. The maximum number of electrons which can 
exist at these energy levels is given by the series 2 -f- l?, 2 -h 2^, 2 + 3^ 
etc., i.e. Rydberg’s series, and the maximum number of electrons in an 
outer layer is 8. This octet is particularly stable, and occurs in all the 
inert gases except helium, which has two extra-nuclear electrons at 
n= i, while hydrogen has only one such electron. Passing to sodium, 
a new shell of electrons with quantum number 3 begins to be formed, 

* Rideal and Taylor, Catalysis in Theory and Practice, London, 1926. Garleton Ellis, The 
Hydrogenation of Oils, London (U.S.A. pr.), 1931. 
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and becomes complete with argon, which has the electron structure Chemistry 

2 , 8 , 8 . 

This theory gives a physical basis for the doctrine of valency. 

Chemical combination may be regarded as the transfer of electrons 
from one atom to another. The valency is the number of electrons 
which an atom must gain or lose to form a system with the structure 
of the nearest inert gas, or a system with an outer shell of eight 
electrons. Combination can also occur by the sharing of electrons 
between two atoms; the valency is then called co-valency. This theory 
of valency has been developed especially by N. V. Sidgwick of 
Oxford. 

If the orbits of two atoms share two electrons, the atoms are com- 
bined by what is called a co-valent link. If the two electrons arc not 
shared equally, one atom will have an excess of positive and the other 
of negative electricity. The molecule will be polar, and possess a dipole 
moment, equal to one charge multiplied by the distance between the 
two charges. These moments can be estimated from the di-electric 
constant, or from the deviation of a magnetic beam in a non-homo- 
geneous magnetic field. 'J’hey have been studied by Wrede, by Debye, 
and also by Sidgwick and Bowen, as a guide to chemical structure. 
Elementary molecules, for example H2, O2, have no dipole moment, 
so that there is uniform sharing of electrons, but HCl has a moment 
of 1-03 X 10”^** electrostatic units, the distance between the atoms 
being 1-28 Angstrom units, and so on with other compounds. 

Wave mechanics have proved of importance in chemistry as well 
as in physics, especially in the principle of resonance, which comes 
into play when a molecule passes from one electronic structure to 
another, and shows some of the properties of both. 

Atoms emit simple line spectra, but band spectra can be obtained 
from molecules, and their molecular configuration determined. Again, 
a beam of monochromatic light is scattered when passed through a 
transparent substance, and radiations of different frequencies given 
out, characteristic of the scattering medium — the Smckal-Raman 
effect. Lately it has been shown by W. N. Hartley and others that 
compounds with similar constitution have similar absorption spectra 
in the ultra-violet. The infra-red absorption spectra have also been 
investigated from the point of view of molecular constitution. 

The examination of crystal structure by X-rays, suggested by Laue 
and first carried out by Friedrich and Kipping and by Sir William 
and Sir Lawrence Bragg (p. 384), showed that the cubic crystals of 
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Chemistry Sodium chloride consist of sodium ions each surrounded by six 
chloride ions, and, similarly, each chloride ion by six sodium ions. 
In the diamond each carbon atom is at the centre of a regular tetra- 
hedron and bound to four others at the corners. This strong arrange- 
ment accounts for the hardness of the diamond. X-ray analysis of 
crystals of diphenyl, etc. suggests the existence of rings of six carbon 
atoms, as Kekule inferred from chemical evidence in benzene and its 
derivatives. Recently the method of Fourier scries has been applied, 
as by J. M. Robertson in naphthalene and anthracene, to determine 
the mutual orientation of the constituent atoms of many compounds 
and the nature of the chemical bonds. Also X-rays have been used to 
examine alloys, inorganic and organic compounds, and liave thrown . 
light on all. 

The analysis of crystal structure may be elfected not only by X-rays 
but also by means of electron dilfraction, for, as we have seen, a 
moving electron carries with it a train of waves, which show inter- 
ference, etc. The results agree with those obtained by X-rays. Debye 
used X-rays on crystalline powders, and later found that, by similar 
methods, interference patterns could be obtained with liquids and 
gases, and intcr-atomic distances measured. Better methods were 
used by Wicrl in 1930. 

Kekule’s ring-formula for benzene (p. 254), and Van’t Hoff and 
Le Bel’s theory of the tetrahedral carbon atom (p. 255) have become 
the basis of a vast superstructure of stereo-chemistry. If the tetra- 
hedral arrangement of the four valencies of a carbon atom is accepted, 
the angle between the valency bonds will be 109'' 28'. If a ring is 
formed, since the angles of a pentagon arc 108*^, the end members of 
a series of 5 carbon atoms must come near together, and a ring be 
formed with very little straining of the bonds and consequent great 
stability. W. H. Perkin (Junior) prepared compounds with rings of 
3, 4, 5, and 6 carbon atoms, and, in recent years it has been shown, 
for example by Thorpe and Ingold, ^ that the natural angle at which 
two valencies emerge from a carbon atom is notably affected by 
attached groups, such as two methyl groups ; thus the strain may be 
reduced and the stability increased. Such rings arc found in many 
natural products. As Van’t Hoff predicted, optical activity is found 
in asymmetric molecules, though an asymmetric carbon atom is not 
present. This has been proved by Maitland and Mills for compounds of 
the allene type, in which the molecules possess no plane of symmetry.^ 
All this branch of chemistry has been greatly developed by the applica- 

> See Ingold, J, Chem. Soc. 1921. 2 jVizte, vol. cxxxv, 1935; vol. cxxxvii, 1936. 
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tion of X-ray analysis, which gives such vivid pictures of atomic and Chemisiry 
molecular structure. 

The chemical industry based on coal tar, now of enormous extent, 
arose from, and has had much repercussion on the theoretical science. 
Unverdorben and later Hofmann, isolated from tar a substance which 
was named aniline. Hofmann also proved the presence of benzene 
in tar. W. H. Perkin (Senior) in 1856 treated aniline sulphate with 
potassium dichromate, and obtained aniline purple or mauve — the 
first aniline dye, soon followed by many others. Their chemical con- 
stitution was first clearly elucidated by Emil and Otto Fischer in 1878 
on the basis laid down by Couper and Kekule. They showed that the 
parent of rosaniline, magenta, etc., was a hydrocarbon, triphenyl- 
methane. This work led to many new dyes, and to intermediate 
products needed in their synthesis. Then Griess produced ''diazo” 
compounds, containing the azo groups — N : N — , which pointed to a 
new series of azo dyes. 

The dye alizarin, Turkey red, was synthesized in 1868, and was 
followed by other derivatives of anthraquinone. About 1897 industrial 
indigotin, produced from phenylglycinc, began to drive natural indigo 
off the market and ruin the Indian planters. 

If dyes are important industrially, drugs have, through medicine, 
more bearing on human welfare. The period of synthetic organic 
drugs began with febrifuges such as antipyrinc (1883), analgesic 
phcnacctin (1887), and acctylsalicylic acid or aspirin (1899). These 
discoveries led to a modern school of chemotherapy, chiefly founded 
by Paul Ehrlich (1854-1915), who produced a cure for horse disease, 
and an arsenic compound named salvarsan (1912) which destroys the 
micro-organism Spirochaete pallida, the cause of syphilis in man. A com- 
plex derivative of carbamide, prepared by Fourneau in 1 924, destroys 
the parasite of sleeping sickness. In later years a series of synthetic 
drugs based on sulphanilamide (para-amino-benzene-sulphonamide) 
and other sulphonamides such as sulphapyridine, prepared by May 
and Baker and introduced as M. and B. 693, have been found 
efficacious in controlling the group of diseases due to streptococcus and 
pneumococcus infection both in human beings and in animals,^ and 
sulphaguanidine has been found to be a specific remedy for dysentery. 

At first no theoretic basis for these drugs was available, but in 1940 
Fildes, Woods and Selbie showed that sulphanilamide acted by pre- 
venting the pathogenic bacteria from obtaining another closely related 
substance, para-amino-benzoic acid, essential to their growth. This 
» Reports of Medical Research Council, 1930-40; J. R. Agric. Soc. 1940. 
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Chemistry success indicated that the direction of further research should be in 
the study of bacterial metabolism, to discover what substances are 
needed by bacteria, and how the bacteria can be prevented from 
using them.^ 

Penicillin, first prepared and named by Sir A. Fleming, in 1929 
from the mould penicillium, has recently been studied by Florey and 
others at Oxford, and shown to be even more powerful than the 
sulphonamides.^ 

In the Manchester Laboratories of Imperial Chemical Industries, 
a drug effective against malaria, now called paludrine, was discovered 
in 1945. Insecticides were also examined, and one called gam- 
maxane, deadly to insects but harmless to man and higher animals, 
was prepared. 

The recent study of vitamins is dealt with in general in the 
section on Biochemistry, but an account of their constitution and 
synthesis naturally falls into place here under Chemistry. Vitamin A, 
necessary for growth, has the composition C20H30O, and Karrer sug- 
gested a structural formula which explained its chemical reactions 
and its relation with its precursor carotene. Vitamin Bj , with anti- 
neuritic properties, has been synthesized by Williams of Columbia 
University. The anti-scorbutic vitamin C, present in green vegetables 
and citrus fruits, has the relatively simple structure shown in Fig. 18; 
it was isolated and in 1933 synthesized by Haworth in Birmingham' 
and is now known as ascorbic acid. 
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Fig. 18. 

As already said, organic chemistry depends on the power of carbon 
to combine with itself in complicated structures. Somewhat similar 
powers are possessed by silicon, and have lately become of importance. 

In 1872 von Baeycr observed that phenol mixed with formaldehyde 
gave a resinous material, and in 1908 Baekeland found that when this 
resin was heated with an alkaline catalyst, it yielded a substance of 
a plastic nature. This substance was named Bakelite, and other plastic 

‘ Britain To-day ^ voL lxxix, 1942, p. 15. 
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materials have been obtained from reactions based on formaldehyde. Chemistry 
They are used as varnishes, enamels and for moulding articles ranging 
from gramophone records to aeroplane fuselages. 

India-rubber was first synthesized by way of isoprene by Tilden in 
1892. In 1910 Matthews found that metallic sodium hastened the 
polymerization of isoprene, but instead of isoprene the hydrocarbon 
butadiene or chloroprene is now used, the synthetic being generally 
added to the natural product. 

The synthetic organic chemist has also done much for photography, 
firstly in producing developers of the photographic image (pyrogallol, 
etc.), and then dyes which make the film sensitive to different rays of 
light in the visible and in the invisible parts of the spectrum. Photo- 
graphic emulsions sensitive to infra-red light give, even at a distance 
of many miles, clear photographs of objects that would not show with 
ordinary photographic films. Photography is now of great benefit to 
many branches of science, from astronomy to micro-biology. 

The fundamental work of Emil Fischer on mono-saccharide sugars 
(p. 253) has been continued by many investigators. Fischer proposed 
an open chain formula, but ring formulae of a six-membered type 
are now accepted from the work of Haworth. Also Irvine and Haworth 
and, in America, C. S. Hudson, developed an attack on the problem 
of di-saccharides such as cane sugar, using especially methyl ethers.^ 

It was Fischer too who began modern work on arnino-acids. But the 
most complex synthetic polypeptides yet prepared, with a molecular 
weight of something over 1300, do not approach proteins, which fall 
into two groups with molecular weights that are simple multiples of 
35,000 and 400,000 respectively. This gap remains; though indica- 
tions of the structure of protein molecules have been obtained b. 

X-ray examination of animal fibres,^ proteins have not yet been 
synthesized. 

Modern physical and chemical apparatus is much more complex 
than that of fifty years ago. Few single individuals can now afford 
the expense of a laboratory, and the day of the amateur, who in 
the past has done so much for science, seems to be over. Most 
civilized Governments now subsidize research. In Great Britain 
grants arc given to Universities and to the Royal Society for funda- 
mental work, while more technical problems are remitted to the 
Department of Scientific and Industrial Research, the Medical Re- 
search Council or the Agricultural Research Council. 

' Irvine, Chem. Rev, 1927; Haworth, B.A. Report, i 935 v t- j v 
» Vickery and Osborne, Physiol Rev. 1928; Astbury, Trans. Faraday Soc. 1933. 
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The Solar System — The Stars — Double Stars— Variable Stars — The Galaxy— 
The Nature of Stars — Stellar Evolution — Relativity and the Universe — Recent 
Astro-physics — Geology. 

As said above, Kepler’s observations on the Sun and planets gave 
a model of the solar system, but the scale of the model was not known 
till one distance was measured in terrestrial units. This was clone by 
Richer in 1672-3 (see p. 150) and with modern accuracy in several 
ways: (i) The “aberration” of the light of a distant star when the 
Earth moves across the path of the light and six months later moves in 
the opposite direction, was discovered by Bradley in 1728. It was 
then used to prove that light travelled with a finite velocity, but, since 
the velocity of light can now be measured in other ways, aberration 
can conversely be used to give the Eartli’s velocity, and therefore the 
size of its orbit. (2) When the planet Venus passes between the 
Earth and the Sun, its time of transit at two stations on the Earth 
gives a method of measuring the distance of the Sun by trigonometry. 
(3) The distance of the small planet Eros when it passed near the 
Earth in 1900 was measured by triangulation. 

The three methods agreed in giving the following dimensions to the 
solar system. The distance from the Earth to the Sun is 92-8 (later 
corrected to 93) million miles, a distance which light, moving at 
186,000 miles a second, traverses in 8-3 minutes. The Sun’s diameter 
is 865,000 miles, its mass 332,000 times that of the Earth, and its mean 
density 1*4 grammes per cubic centimetre compared with 5'5 for the 
Earth. 

Our knowledge of the solar system was increased in 1930 by Tom- 
baugh, who discovered a new planet, with an orbit beyond that of 
Neptune. A deliberate search of the likely regions of the sky was made 
from the Flagstaff Observatory in Arizona, and, by comparison of 
two photographic plates at a few days’ interval, a point of light 
showed movement, indicating that it was a planet. This new planet 
revolves round the Sun in 248 years, at a mean distance of 3675 

n 

* F. J. M, Stratton, Aitronumwal Physics, Lumlon, 1925. Sir J. H. Jeans, Astronomy and 
Cosmo^^ony, C.lani bridge, 1928. A. S. Eddington, Stars and Atoms, Oxford, 1927. T. C. Cham- 
berlin, The Two Solar Families, Chicago, 1928. 
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million miles. It was given the name of Pluto. The diameter of Pluto’s The Solar 

orbit, 7350 million miles, may be taken as the size of the solar system 
as known in 1946. 

At different times discussion has occurred on the possibility of life 
on other worlds, a problem which reduces to a consideration of the 
conditions on the other planets of the solar system.^ Among these 
conditiohs one of the most important is the nature of the atmospheres 
round the planets. The atmospheres depend on the “velocity of 
escape” — the speed with which the molecules of gas must move in 
order to escape from the gravitational attraction of the planet. This 
velocity has the value of F^ = 2GM/a, where G is the gravitational 
constant, M the mass, and a the radius of the planet. For the Earth 
V =*]'!, for the Sun 392, and, at the other extreme, the Moon 1-5, 
miles a second. The fastest molecules are those of hydrogen, which 
move about 1*15 miles a second at 0° C. Jeans calculates that if the 
velocity of escape is 4 times the average molecular velocity, the 
atmosphere would be practically lost in fifty thousand years, if 5 times, 
the rate of loss is negligible. Thus the Moon has in effect no atmos- 
phere, while the large planets — Jupiter, Saturn, Uranus and Neptune 
— have much more than the Earth, and Mars and Venus have 
atmospheres comparable with that of the Earth. On Venus carbon 
dioxide is plentiful; but apparently there is no vegetation and no 
oxygen; the conditions do not yet make life possible, while on Mars 
it seems that the chances of life arc over or drawing to a close. 

Beyond the orbit of Pluto lies a great gulf of space. By careful The Stars 
observation, the nearest stars may be seen to move against the back- 
ground of those more distant, as the Earth passes in six months from 
one side of its orbit to the other. Another six months brings them back 
again, save for any small shift due to the real movements of the stars 
themselves. Corrected for this latter change and for the aberration 
of light, a star’s six-months’ parallax gives its distance by triangulation, 
since we know the diameter of the Earth’s orbit. 

An observation of the parallax of a fixed star was made by Hender- 
son at the Cape of Good Hope in 1832, and accurate measurements 
by Bessel and by Struve followed in 1838. The nearest star, a faint 
speck called Proxima Centauri, is thus found to be 24 million million 
(2-4 X 10^^) miles away from us — a distance traversed by light in 4*1 
years, and three thousand times the diameter of Pluto’s orbit. The 
bright dog-star, Sirius, is 5 x 10^^ miles or 8-6 light-years away. The 

* H. Spencer Jones, Life on Other Worlds ^ London, 1940. 
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Th£ Stars distances of about 2000 stars have thus been determined with fair 
accuracy, but at present this method of measurement is only 
applicable within a distance of about ten light-years. 

On a clear night, the eye may see a few thousand stars. Others 
become visible as we use telescopes more and more powerful, but the 
number revealed does not increase in proportion to the power of the 
instrument, and therefore it may be concluded that the total number 
is not infinite. The loo-inch reflector of the Mount Wilson Observatory 
in America, the largest telescope existing in 1928, shows a number 
estimated at 100 million, and it would seem that in our stellar system 
the total is some number which has been variously estimated from 
1500 million to 30,000 million. A 200-inch reflecting telescope is now 
under construction. 

Stars were classified by Hipparchus in six “magnitudes” according 
to their brightness, and the scale is now continued to include faint 
stars beyond the twentieth magnitude, whose brightness is only about 
the one hundred millionth part of that of stars of the first magnitude. 
This scale depends, of course, on the apparent brightness of the stars 
as seen from the Earth. For a star whose distance is known, we can 
calculate the apparent magnitude which it would have if moved 
to a standard distance, and this we call its absolute magnitude. 

When classed according to their absolute magnitudes, we find stars 
of all values, but, as pointed out by Hertzsprung and confirmed by 
H. N. Russell, there are more in the higher and lower than in the 
intervening magnitudes. Those in the more populous groups have 
been called “Giant” and “Dwarf” stars respectively. They will be 
dealt with more fully later. 

Stars of the same spectral type whose distances are known show 
a regular connection between absolute magnitude and the relative 
intensity of certain spectral lines. Hence a careful examination of 
these critical lines gives a value for t^e absolute magnitudes of other 
stars at unknown distances. Then, from their apparent magnitude, 
their distances may be estimated, even when it is too great to be 
measured by parallax. This calculation gives one of several indirect 
methods of estimating stellar distances. 

Double Stars Many stars which look single to the naked eye arc seen through a 
telescope to be double. The individual stars in some of these pairs may 
be far from each other, and only seem near because they are almost 
in the same line of sight. But the number of double stars is much too 
great for such chance conjunctions to explain them all. In most cases 
there must be some connection between the two. William Herschel 
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began observing double stars in 1 782, and by 1 793 he was able to Double Stars 
trace enough of the paths of some binaries, to prove that they describe 
elliptic orbits about the common centre of gravity in one focus. He 
thus showed that double stars move in accordance with the laws of 
gravity demonstrated by Newton for our solar system. 

For a few double stars, both the distances and the orbits have 
been determined, and from these results the masses have been 
calculated, lliey are generally found to range from about half to 
about three times the mass of the Sun, in agreement with other 
evidence which shows that the difl'crence in mass between various 
stars is not very great, though the differences in size and density are 
enormous. 

Some double stars arc too near each other to be separated by 
a telescope, but can be resolved spectroscopically. If their orbits arc 
seen edge-on, and the line joining the two stars is perpendicular to the 
line of sight, one star will be approaching us and one receding. Hence 
by Doppler’s principle the lines in one spectrum will be shifted 
towards the blue and those in the other towards the red, and, in the 
actual spectrum of the double star, the lines will be doubled. Wh(m 
the stars arc one behind the other, they will be moving nearly across 
the line of sight and no doubling will appear. By observing these 
changes in the spectra, the period of revolution and the velocities may 
be estimated, and the ratio of the masses calculated. Hence, if visual 
as well as spectroscopic measurements are possible, the individual 
masses can be determined. 

It was in 1889 that E. C. Pickering first detected a double star 
spectroscopically. He announced that the doubling of some of the 
lines in the spectrum of ^ Ursa Majoris indicated that it was a binary 
star with a period of 104 days. Since then many hundreds of spectro- 
scopic binaries have been discovered, chiefly by astronomers working 
in the clear air and with the great telescopes and spectroscopes of 
American and Canadian observatories. 

The light of many stars varies in strength from time to time. When Variable 
it varies irregularly, the changes may possibly be due to recurrent 
outrushes of incandescent gas, but very often the period of change is 
quite regular, and the cause of variation may be referred to the eclipse 
of the bright star by an invisible companion, which cuts ofl' some or 
all of the light at intervals as the two stars revolve round each other. 

Sometimes this interpretation can be confirmed spectroscopically, the 
spectral lines being displaced periodically when the bright star is 
approaching or receding radially from the Earth. From a curve of 
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variation of light with time, combined with spectrum measurements, 
a very complete description of the system can often be obtained, as, 
for instance, with the stars named Algol and J3 Lyrae. 

The number of double stars is immense, and still more complex 
systems, multiple stars, can be recognized and examined by the same 
methods. For example, the well-known “Pole Star” has been found 
spectroscopically to comprise two stars revolving round each other in 
four days, a third star with a period of twelve years, and a fourth 
star revolving in some such time as twenty thousand years. 

Other variable stars such as 8 Cephei, cannot easily be explained 
by eclipses. They flash out to several times their minimum bright- 
ness at intervals of hours or days. When of short period these 
“Cepheid’’ stars show a definite relation between the period of 
variation and the luminosity or absolute magnitude, a relation dis- 
covered by Miss Leavitt of Harvard in 1912. The value of this 
discovery was seen at once by Hertzsprung and by Shapley, then of 
Mount Wilson. The phenomenon is so regular that measurement of 
the period of other similar stars at unknown distances can be used as 
a means of estimating their absolute magnitudes. An observation of 
the apparent magnitude of the star then gives the distance — another 
method applicable to stars too far away to show any parallax. 

Stars are most numerous in a band of varying width, called the 
Galaxy or Milky Way, which stretches round the heavens in a great 
circle. In places the numbers are so great that star-clouds appear, 
only to be resolved into individual stars by good telescopes, while 
interspersed are irregular nebulae which cannot be resolved. The 
great plane, which cuts the Milky Way as nearly as may be in the 
middle of the band of stars, is called the galactic plane. It may be 
looked upon as a plane of symmetry in the stellar system. Towards it 
the stars seem to crowd, especially the hotter stars and also those 
fainter stars, which, on the average, are farther away. 

This indicates that our stellar system is flattened in the galactic 
plane. It seems to form a vast lens-shaped collection of stars. We are 
within it, but not at the centre. We see more stars imthe Milky Way, 
chiefly because, when looking at it, we are looking towards the edge 
of the lens, where the depth of star-strewed space is much greater than 
elsewhere. 

Besides star-clouds and irregular nebulae, there are also known 
about a hundred globular clusters of stars which are most numerous 
just outside the central zone of the Milky Way. They contain Cepheid 
variables, and, from the period of variability and by other indirect 
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methods, the distances of the clusters from us have been estimated by The Galaxy 
Shapley to range from 20,000 to 200,000 light-years. 

It appears then that our stellar system has a longest diameter which 
it would take light at least 300,000 years to traverse. Our Sun lies 
about 60,000 light-years from the centre of the whole system, some- 
what to the north of the central plane. Observation over many years 
of the apparent movements of the stars shows that the Sun is travelling 
towards the constellation called Hercules with a speed of about 13 
miles a second, and that, taking this drift as a line of reference, there 
are two main streams of stars moving through space. 

The most stupendous objects in the sky are the great spiral nebulae, 
which, as wc shall see later, are probably star-systems or galaxies in 
the making. These nebulae are colossal in size: though made of 
tenuous gas, one of them may contain enough matter to make a 
thousand million Suns. Their numbers are enormous: Dr Hubble, of 
Mount Wilson Observatory, California, estimates that about two 
million are visible in the large i oo-inch telescope of that Observatory, 

The distances of some are gigantic: estimates of 500,000 to 140 million 
light-years have been made, and it is probable that they are far 
beyond the confines of our stellar system. Space seems to contain an 
immense number of galaxies, “island Universes” as Shapley calls 
them, of which our own galaxy is but one. 

In 1904, Kapteyn of Groningen, in studying stellar statistics, dis- 
covered that in our galaxy there are two main streams of stars moving 
in somewhat different directions. In modern discussions this star- 
streaming has to be considered in conjunction with another discovery 
made by Oort of Leyden ; a rotation of the whole galaxy about a 
centre lying 10,000 parsecs^ away from us in the direction of the con- 
stellation Sagittarius, the rate of rotation decreasing outwards in 
accordance with the principle of gravitation. In our region, the 
orbital speed is about 250 kilometres per second, and the time of a 
revolution about 250 million years. The mass of the whole system is 
about 150 thousand million times that of the Sun, and, considering 
that the average mass of a star is about equal to that of the Sun, the 
system probably contains approximately that number of stars, some 
ten times the number found by extrapolating counts. 

A system of classification of stars depending on their spectra was The Nature 
begun in Rome by Father Secchi about 1867 and was much improved 
and extended at Harvard Observatory in America. Even the visual 

‘ A parsec is the distance corresponding to a parallax of one second of arc, 3-26 light- 
years or about 2x10'’ miles. 
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colours of stars differ, and, since photography is more sensitive to the 
violet end of the spectrum, photographic magnitudes are not the 
same as those estimated by eye, the differences between them giving 
a scale of colour. These differences are further exemplified in the 
spectra. A series of spectral lines can be found, passing into each other 
by insensible gradations, but showing definite characteristics which 
were distinguished at Harvard by the letters 0, B, A, F, G, K, A/, 
jV, /?, a list in which the bluer stars come first. 

The spectra of type 0 give a faint continuous background on which 
bright lines appear. In some spectra the hydrogen and helium lines 
are strong. Type B spectra show dark lines with helium very pro- 
minent. Type A show hydrogen, and also calcium and other metals, 
which increase in importance in type F. Type G includes our Sun ; 
the spectra show dark lines on a bright ground, and the stars are 
yellow in colour. In type K, bands due to hydrocarbons appear for 
the first time. Type M stars give broad absorption bands, especially 
those of titanium oxide. Type jV spectra show broad absorption lines 
due to carbon monoxide and cyanogen, and the stars are red in colour. 
Type R stars also show the absorption bands found in N, though the 
colour is not so red. 

These observations on spectra were used to estimate the effective 
temperatures of different types of stars. If a black body, which may 
be regarded as a perfect radiator, is gradually heated, the character 
as well as the intensity of the radiation changes. For each temperature 
there is a characteristic curve between radiant energy and wave- 
length, showing a maximum at some })articular wave-length. As the 
temperature rises, the position of this maximum shifts towards the 
blue end of the spectrum, and thus indicates the temperature. The 
distribution of energy has been investigated in several ways, both 
photographically and by studying variations in the character of the 
radiation. Furthermore, the efl'ect of temperature and ionization on 
spectra can be examined in the laboratory within the ranges under 
our control. The appearance of certain absorption lines in stellar 
spectra have thus been used to estimate the temperatures of the 
absorbing atoms by Saha (1920) and by R. H. Fowler and E. A. Milne 

(1923)- 

The various methods of estimating stellar temperatures agree well. 
For stars just visible they arc about 1650°, while in the hottest stars 
known they reach some 23,000° C. These temperatures are of course 
those of the radiating layer; the inside parts of a star must be much 
hotter, with temperatures rising to many million degrees. 
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When considering their absolute magnitudes we saw that stars The Nature 
mostly fell into two groups, ‘"giants” and “dwarfs”, one with much of Stars 
greater luminosity than the other, though intermediate stars are not 
unknown. Now it is remarkable that this division into groups is only 
clear in the cooler stars of types K onwards, with temperatures not 
above 4000° C. In the hotter stars the division is less marked, and 
in type B it has quite disappeared; these stars are all “giants” with 
luminosities from 40 to 1600 times that of our Sun. 

These facts were thought to point to a definite conclusion, namely, 
that all stars go through a course of evolution roughly identical. Each 
star was thought to begin as a comparatively cool body, gradually to 
rise in temperature, to attain a maximum depending on its size, and 
then to pass down the same temperature scale as it became cool again. 

While ascending in this scale, a star emits a very large amount ol' 
light, which means that it must be of enormous size. Therefore it was 
classed as a “giant” star. As it cools, its atmosphere passes through 
the same range of temperature in the reverse order, and so it goes 
through the same spectral types in its descent as in its rise, though 
certain differences in detail are observed. But now the absolute 
magnitude of the star, that is its luminosity, is much less, a fact which, 
since the temperature is the same as in its rise, shows that it is much 
smaller. The star has become a “dwarf”. 

This process of stellar evolution, traced by Russell, was in accordance 
with the dynamics of a mass of gravitating gas, as worked out by Lane 
and Ritter. If the mass be large enough, gravity will cause it to con- 
tract. It will give out heat and grow hotter. But, as it shrinks, the 
rate of contraction must decrease. At a certain critical density, the heat 
developed by this colossal mass of glowing vapour becomes less than 
that radiated, and the mass begins to cool. As we saw when considering 
the age of the Sun, this process cannot explain all the heat evolved, but 
even then it was thought possible that other sources of energy, such as 
atomic disintegration, might depend on temperature and go through 
a similar history. 

This theory of stellar evolution, as expected, has been modified by 
more recent research, which has applied to astro-physics our new 
knowledge of atomic structure. Man from his strategic position mid- 
way between an atom and a star,^ has learnt to study each in the light 
of information obtained from the other. 

Knowing the size and average density of the Sun or any star and 

* As Eddington has pointed out, about 10 *’ atoms go to build a man’s body, and 
io^“ times as many as that make an average star. 
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assuming that the whole mass is gaseous, it is possible to calculate 
mathematically the rate of increase of pressure with depth beneath 
the surface, and this has been done by Eddington. For gaseous stars 
Eddington found that the luminosity depends mainly on the mass, 
and, between limits, the luminosity would be roughly proportional 
to it. At any given level within the star, the pressure above is supported 
by the elasticity of the gas below, supplemented by the pressure of its 
radiation. By the kinetic theory, the elasticity is due to impacts of the 
gaseous particles the velocities of which depend on the temperature. 
Thus the temperature inside a star can be determined. To support 
the enormous pressure within the Sun and other similar stars, the 
temperature must be about 40 or 50 million degrees centigrade. If 
the star wore much larger, Eddington suggested that the pressure of 
radiation inside it might become so great that the star would become 
unstable, and fly to pieces. Thus may be fixed a natural upper limit 
to the size of stars. 

A region, even a large region, inside a star is practically a constant- 
temperature enclosure, and the total radiation will therefore vary as 
the fourth power of the absolute temperature. Furthermore, as the 
temperature rises, the radiation of maximum energy will pass up the 
spectrum into waves of shorter lengths, in accordance with known 
laws. When the temperature runs to millionjiof degrees, the maximum 
energy is far beyond the visible spectrum, and consists of X-rays or 
radiation of even shorter wave-length. Such radiation would be con- 
verted into longer waves as it continually collided and interacted with 
atoms on its way towards the outer layers of the star ; it would eventual ly 
emerge as light and heat. But it is a remarkable fact that extremely 
penetrating rays have been detected by McLennan, Millikan, Kol- 
horster and others, rays which, though minute in quantity, seem to 
be always passing through our atmosphere and coming from space. 
As Jeans says: ‘‘In a sense this radiation is the most fundamental 
physical phenomenon of the whole universe, most regions of space 
containing more of it than of visible light or heat. Our bodies are 
traversed by it night and day ... it breaks up several million atoms in 
each of our bodies every second. It may be essential to life or it may 
be killing us’\^ It was suggested that this penetrating radiation is 
emitted by the mutual annihilation of protons and electrons, or the 
conversion of hydrogen into larger atoms, in places such as the 
nebulae or the excessively tenuous cloud which seems to fill open 

‘ Sir J. H. Jeans, Eos or the Wider Aspects of Cosmogony, London, 1928, p. 46; also The 
Universe Around Us, New York and Cambridge, 1929, p. 134, also 1944. 
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Space, where the resultant energy has not to fight its way through the 
superincumbent mass of a star. 

We know that X-rays and the even more penetrating y rays, arc 
a very effective ionizing agency. It therefore follows that the atoms 
within a star will be highly ionized, that is stripped of their outer 
electrons; an idea propounded by Jeans in 1917 and worked at by 
many others. The volume filled by an ordinary atom, the volume 
within which other complete atoms cannot penetrate, is the volume 
occupied by the orbits of these outer electrons. When the outer 
electrons are stripped off, the effective volume of the atom becomes 
much smaller, becomes, in fact, the volume of the nucleus and its 
closely attendant rings of electrons, with orbits considerably smaller 
than those of the outer electrons. The result is that, inside the stars, 
atoms are very much smaller and therefore interfere with each other 
far less than they do in our laboratories; even at high densities stellar 
matter acts as a “perfect” gas, conforming to Boyle’s law. 

Assuming that a star is gaseous, it is possible to calculate mathe- 
matically the relation between the mass of a star and the amount of 
light and heat which leaks out — that is, how bright it will be. In 1924 
Eddington calculated that the greater the mass of a star the more it 
should radiate. He deduced a theoretical relation, and, by adjusting 
a numerical factor, brought the relation into accordance with facts. 
It even held for some stars which are so dense that in 1924 they were 
assumed to be liquid or solid, so that the theory was thought not to be 
applicable. But Eddington holds that even the Sun, denser than 
water, and other stars, denser than iron, arc in effect gaseous; that 
their atoms, stripped of outer electrons, are small, and for most of 
their time outside each other’s reach. 

Moreover a new discovery has increased the range of possible 
densities. Sirius, the brightest star in the sky, was found by Bessel in 
1844 to describe an elliptic orbit, and an invisible companion star was 
invented for Sirius to move round, with a mass about 4/5tli of that of 
the Sun. Eighteen years later this star was seen by Alvan Clark; in 
modern telescopes it is easily visible, and is found to give out i /360th 
of the Sun’s light. It was assumed to be a dying star, only just red- 
hot; but in 1914 Adams saw from Mount Wilson that it was not red- 
hot but white-hot. Its small total emission of light must therefore be 
due to a very small size; it cannot be much larger than the Earth. 
This large mass and small size together indicate a density of about 
a ton to the cubic inch — an amazing result, which at the time seemed 
quite incredible. 
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But later on new evidence appeared. Einstein’s theory requires 
that the frequency of emitted radiation should depend on the mass 
and the size, so that spectral lines should be shifted towards the red 
by an amount proportional to the mass divided by the radius. Adams 
succeeded in measuring the spectrum of the Companion of Sirius, and 
again got indications of the same high density, about two thousand 
times that of platinum. A few other stars have now been found to 
have similar or higher densities. In these stars, Jeans holds, the 
matter must have ceased to be gaseous and resemble a liquid. The 
atoms probably consist of nuclei only, stripped bare of even the inner* 
most rings of electrons. More normal stars like Sirius and the Sun 
probably consist of atoms with one ring of electrons left round the 
nucleus. An explanation is thus found in the theory of atomic structure 
for the fact that stars fall into distinct groups, each group containing 
stars within certain limits of size. Terrestrial atoms would be com- 
pletely broken up at such temperatures, and, to retain these different 
sizes, the atoms in the unknown depths of the stars must be heavier 
than those known to us on the Earth, while lighter atoms like our own 
float to the surface and form the radiating layer. 

The ages of stars can be estimated in three ways, (i ) The orbits of 
binary stars should begin as circles and be slowly deformed by the 
forces of passing stars. The probable frequency of such influences can 
be calculated, and so, from the actual shapes, the probable age can 
be deduced. (2) Groups of bright stars moving through space graduall)' 
lose their smaller constituents, and the time required to produce the 
observed scattering can be calculated. (3) Like molecules in a gas, 
the energies of motion of stars must tend to an equality, and those stars 
near the Sun have been found by Scares to have nearly reached this 
stage. From kinetic theory we can calculate the time needed to 
produce this equality. The three methods agree in indicating some 
five to ten millions of millions of years as the probable average ag(^ 
of stars in our stellar system. 

To provide for such lives as these, enormous supplies of radiant 
energy are needed, far more than gravitational contraction or even 
radioactivity will explain. Einstein’s theory naturally led to the view 
that the source might be found in the mutual annihilation of positive 
protons and negative electrons, an idea suggested by Jeans in 1904 as 
an explanation of radio-active energy.^ This theory was worked out 
in detail. It is certain that stars lose mass. Radiation causes pressure 
of known amount, and therefore possesses a calculable momentum or 

' Nature^ vol. Lxx, 1904, p. loi. 
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mass-velocity. The Sun is radiating fifty horse-power from each The Nature 
square inch of surface, which means that the Sun as a whole is losing 
mass at the rate of 360,000 million tons a day, and the mutual can- 
cellation of protons and electrons suggested a mechanism by which 
this loss may occur. The Sun must have lost mass more quickly when 
it was larger and younger, and thus an upper limit can be fixed for 
its age, a limit of somewhere about eight million million years. This 
agrees well with the independent estimates for the stars, but is 
doubtful in the light of later work. 

Having estimated the age of stars, it is natural to ask how they are Stellar 
born. Even in the largest telescope, a star has no visible dimensions — Evolution 
the nearest is too far away. But areas of luminosity, called nebulae, 
have long been known. One, the great nebula in the constellation 
Andromeda, being visible to the naked eye, was observed before the 
invention of the telescope, and another, situated in Orion, was dis- 
covered by Huygens in 1656. 

There are three chief classes of nebulae : 

(1) Irregularly shaped nebulae such as that in Orion. 

(2) Planetary nebulae, smaller bodies of regular shape. 

(3) Spiral nebulae, like great whirlpools of light. 

The greatest number of nebulae are of spiral form. As already 
stated, it seems that about two million are visible in modern telescopes. 

Their spectra are continuous, with superposed absorption lines — 
spectra which resemble those of stars of classes F to A^, including our 
Sun. Some nebulae arc masses of dispersed glowing vapour, others 
contain definite formed stars. The nebulae also show evidence of 
rapid rotation. Those which we see edge-on can be examined spectro- 
scopically, and some of those which arc at right angles to us, when 
photographed year after year, show measurable rotation, indicating 
a rate of one revolution in some millions of years. This may seem slow, 
but very high linear velocities have been observed, so that the long 
period of rotation is due to colossal size rather than to slow movement. 

If Vv^c assume that different nebulae rotate with velocities of the 
same order, a comparison of the radial speed of edge-on nebulae 
measured spectroscopically with the annual angular rotation of nebulae 
with planes across the line of sight gives an estimate of distance. 

Cepheid variables are to be seen in the arms of spiral nebulae, and 
their period of variation in brightness may be assumed to be con- 
nected with their absolute brightness in the usual way; a measure- 
ment of the apparent brightness then gives another estimate of ihe 
distance. From this evidence, values have been obtained ranging 
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from hundreds of thousands to millions of light-years. Most spiral 
nebulae, therefore, are very far away, and lie outside our system of 
stars. 

The nebular theory of stellar evolution was first suggested by Kant 
and then again by Laplace at the end of the eighteenth century, in an 
attempt to explain the origin of the solar system. Laplace began with 
the idea of a gaseous nebula, which filled the space comprised in 
Neptune’s orbit, and possessed a motion of rotation. Under its own 
gravitation, the nebula contracted, and therefore, since the angular 
momentum was constant, it moved with increasing velocity. At various 
stages as it shrank it left behind rings of matter, which condensed into 
the planets and their satellites, revolving round the central mass which'^ 
formed the Sun. 

Now there arc several difficulties in this interpretation. F. R. Moulton 
showed in 1900 that the breaking of a ring into a globe was unlikely, 
and T. C. Chamberlin gave evidence that for a mass of gas of the 
required dimensions, gravity would not overcome the diffusive effects 
of molecular velocities and radiation pressure. Again, Jeans has shown 
by other reasoning that planetary condensations would not be formed. 

But the spiral nebulae are bodies a million times larger than that 
imagined by Laplace, and on this scale the whole course of develop- 
ment is different. Gravitation is now more effective than both gas 
pressure and radiation pressure, and Uie nebula, instead of scattering, 
contracts and spins faster as Laplace supposed. The explanation fails 
for the comparatively small solar system, but succeeds for a gigantic 
stellar galaxy. 

Jeans has proved mathematically that a mass of gravitating gas, 
set in rotation perhaps by the tidal action of other masses, will 
gradually assume the form of a double convex lens. As it spins faster, 
the edge must eventually become unstable, and break up into two 
arms. Local condensations will occur in the arms, each of the appro- 
priate size to form a star within the somewhat narrow limits of size 
we find stars to possess, ^his theoretical prediction has been confirmed 
by Hubble, who, from observation, classified nebulae in the different 
groups foretold by Jeans. In spiral nebulae, then, we see new stellar 
systems in the making far in the depths of space beyond our own 
system of stars. 

Will tiny globules on the arm of a spiral nebula form a solar system 
such as ours? Jeans’s mathematics indicate that it is not probable. 
If the rotation of the globule be fast enough to cause disruption, it 
seems that a double star with the two partners waltzing round each 
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Other should result. Thus double stars probably show one normal Stellar 
course of stellar life, an alternative to that of solitary single stars. Evolution 

But Moulton, Chamberlin and Jeans have given speculative accounts 
of the origin of the solar system. If, at an early period, two gaseous 
stars came near each other, tidal waves would appear. If the stars 
approached within a certain critical distance, such a wave would 
shoot out a long arm of matter, which might break up into bodies of 
appropriate size and character to form the Earth and other planets. 

But this would happen rarely, and Jeans calculates that planetary 
systems such as ours may only accompany one star in about a hundred 
thousand. 

The new theory of stellar evolution can now be described. Stars 
are flung into space from the arms of spiral nebulae as masses of 
vapour of approximately equal size. They radiate and therefore lose 
mass, and, as they radiate faster when large, their masses gradually 
approach nearer to equality. 

The youngest stars are heaviest and generate most energy, irrespective 
of temperature and pressure. This would not be so if they were made 
entirely of terrestrial atoms, which radiate more as the temperature 
and pressure rise. Such evidence again indicates that the bulk of the 
energy for radiation comes from types of intensely active matter un- 
known to us, which vanish as the star ages, probably by atomic trans- 
mutations, and the consequent annihilation of matter and its con- 
version into gushes of electro-magnetic radiation. The energy thus 
liberated is enormous: as stated in the section on Relativity, that 
given by the annihilation of a mass m will be where c is the velocity 
of light, 3 X io'° cm. per second, so that if a gramme of matter passes 
into radiation, its energy will be equal to 9 x 10^® ergs. The energy 
produced by the annihilation of matter, or even by its appropriate 
transmutation, is very great. (Sec pp. 451-2.) 

This recent theory of astro-physics recalls Newton’s query 30 in his 
book of Oplicks: “Are not gross bodies and light convertible into one 
another . . . the changing of bodies into light, and light into bodies, is 
very conformable to the course of Nature, which seems delighted with 
transmutations”. 

Stars may be passing into radiation, and the fate of the matter of 
the Universe is either to pass directly into the radiation of space or 
to become such inert, non-active stuff as that of which our world is 
chiefly made. Terrestrial matter consists of 92 elements, 90 of which 
are known, ranging from hydrogen with an atomic number of i to 
uranium 92. If other elements exist, they must be isotopes or have 
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higher atomic numbers, and be more complex than uranium. One 
at least has now been discovered and named plutonium. They would 
be intensely radioactive and unstable, and perhaps most have already 
passed out of existence. It was formerly thought that spectroscopic 
evidence indicated an evolution of matter from simple to complex, 
from hydrogen in an older star to calcium in a younger. But this 
evidence was later interpreted otherwise, merely as showing that 
the conditions of the stars favour the appearance of hydrogen or 
calcium in their atmospheres, and the emission of radiation from 
them. Stellar evolution is thought by some astronomers to be accom- 
panied by a breaking down of complex atoms, most of which are 
transformed directly into radiation, a fraction of the whole passing 
into the inert ash which, though but a bye-product of cosmic change, 
is the substance of our bodies and our world. Uranium and radium 
are perhaps an intermediate type of matter between the last traces of 
such active primaeval atoms left on the Earth and the non-active 
elements of which we arc made. 

Life seems only possible in conditions which closely resemble our 
own. Planetary systems are probably rare, and our planets seem not 
likely to support “life on other worlds”. 

Kelvin’s principle of dissipation of energy indicated a final state of 
things in which matter and energy would be uniformly distributed 
and no more motion possible. Modern thought has modified the 
process, but arrived at a similar conclusion. The final state towards 
which the Universe seems to be tending, is the passing of active stellar 
atoms into the radiation of space and into inert matter in extinct Suns 
or frozen Earths. The radiation derived from the annihilation of all 
the matter in the Universe would only raise the temperature of space 
by a few degrees. Jeans calculates that space would only become 
saturated with radiation and re-precipitate matter if the temperature 
rose to 7-5 X lo^- degrees. The probability against any atoms of active 
matter surviving, or of radiation concentrating in any region by 
chance till matter re-precipitates, is fantastically great. Yet however 
long we should have to wait for such a chance to occur, eternity is 
longer, and it has been suggested by J. B. S. Haldane, and also. 
Professor Eddington told me, in conversation by Professor Sterne of 
Hamburg, that such chance concentrations may produce a re-creation 
of a Universe after our own has vanished away — perhaps may have 
created ours after aeons of diffused radiation. I must add that both 
Sir James Jeans and Sir Arthur Eddington told me that they were 
not convinced by this argument. Other happenings are so much more 
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probable, that they would precede and prevent this excessively 
unlikely contingency. 

It seems impossible that we should ever reach definite evidence 
about such problems. But history teaches us to be cautious; our 
present outlook in astro-physics has only been opened during the last 
few years, and what we know is little compared with what there is yet 
to learn. 

The new outlook on nature given by the theory of relativity must, 
as it unfolds, affect profoundly our views about the physical Universe. 
The replacement of the idea of attractive force as an explanation of 
gravitation by the theory of natural tracks, which appear to us curved 
in gravitational fields, not only leads to slightly different results in the 
exact experiments already described, but must change completely 
our ideas about the confines of the Universe. 

With Euclidean space and Newtonian time, we naturally thought 
of existence as infinite. Space stretched indefinitely beyond the 
farthest stars, and time, both before and after us, flowed on uniform 
and eternal. . 

But, if our new space-time continuum be curved owing to the 
presence of matter, we enter on another range of thought. Time may 
still run from cverkistiiig to everlasting in a never ending series of 
moments, but the curvature of space means a Universe finite in its 
space dimensions. If we travel long enough with a ray of light we 
shall meet a limit, or perhaps return to our starting point. Dr Hubble 
estimates that the whole of space is about a thousand million times 
as large as the part which is visible in the big telescope at Mount 
Wilson, which discloses some two million nebulae outside our stellar 
system. This indicates that light would take something like io*\ that 
is a hundred thousand million, years to travel round the Universe. 
Einstein described a three-dimensional space curved in a way which, 
ill two dimensions, we should call cylindrical. Time is like the axis of 
the cylinder. De Sitter imagined a spherical space-time. If we travel 
outwards, and trace ever wider spheres, we come to one of maximum 
size. Here time observed from the Earth seems to stand still. As 
Eddington says: “Like the Mad Hatter’s tea-party, it is always six 
o'clock and nothing whatever can happen however long wc wait”. 
But if we could get to this conservative paradise we should find 
nevertheless that time as experienced on the spot was still running on, 
though in another direction — whatever that may mean. 

One slight indication of such a slowing down of time as observed 
from the Earth has been pointed out by de Sitter. Some of the spiral 
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Relativity and nebulae are the most remote bodies known to us. Their spectral lines 
the Universe ^re displaced compared with the same lines in terrestrial spectra, and, 
as Hubble has found, in a large preponderance of cases at least, the 
displacements are towards the red. This has been usually interpreted 
as being due to very great velocities of recession — greater than any 
others observed in celestial bodies — a phenomenon sometimes de- 
scribed as an expanding Universe. But it is just possible that we are 
here observing the slowing down of atomic vibration as seen from the 
Earth, a change in the rate of Nature’s clock, a variation in the scale 
of time. 

Recent Evidence has now accumulated to show the presence of tenuous 

Astro-physics^ matter in interstellar space. The star S Orionis is one of a doublet, ' 
and, as with other doublets described above, shows its nature by the 
movement of the spectral lines in time with its revolution round its 
partner. But in 1904 Hartmann noticed that the calcium lines H and 
K do not share in this periodic motion, and, in the spectra of other 
double stars, the sodium line D also appears nearly stationary. Never- 
theless Plaskett and Pearce observed that these lines are not truly 
stationary, but show movement corresponding to the rotation of our 
galaxy of stars. These nearly stationary lines arc only visible in the 
spectra of stars more than about 1000 light-years away from us, and 
the greater the distance the stronger the lines; they are clearly due 
to calcium and sodium scattered through space, and condensing in 
places into cosmic clouds or gaseous nebulae. The density of this 
interstellar matter is extremely small; for an average region about 
10" one atom to the cubic centimetre, and, at the centre of a typical 
nebula, e.g. the great nebula in Orion, io~“^ only the millionth part 
of the density in the highest vacuum we can create in the laboratory. 
Owing to the rarity of collisions, the particles in a cosmic cloud do 
not lose much heat, and maintain a temperature of about 15,000° C., 
whereas the temperature of a meteorite in space would fall to about 
-270° C., or 3° above the absolute zero. 

The gaseous nebulae do not shine by their own light, but by rays 
from any very hot stars which lie within them, the tight stimulating 
the nebular particles to give out light of a different period, that is, 
producing a fluorescent effect. Dark nebulae are also known, which 
prevent the rays from more distant stars from coming through. It is 
possible that such dark nebulae are of the same nature as the luminous 

* H. Spencer Jones, General Aitrojiamy, London, 193-^. Sir Arthur Eddington, The 
Expanding Universe^ Cambridge, 1933; New Pathways in Science, Cambridge, 1935. Sir 
James Jcaas, The Universe Around Us, Gaijpbrldge, 1933. 1944. 
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ones, but possess within their boundaries no stars hot enough to force 
them into activity. They may consist of particles comparable in size 
with the wave-length of light; such particles would have very high 
absorbing power. 

The spectra of luminous nebulae consist of bright lines, chiefly of 
ionized hydrogen and helium, and lines unknown in the laboratory, 
e.g. two green lines of which the presumed source was named nebulium. 
But in 1927 I* S. Bowen found that this strange light was produced by 
doubly ionized oxygen, in which satellite electrons are passing from 
one orbit to another by paths closed to them in the comparatively 
tumultuous life on earth, but open in the extended time of a quiescent 
nebula. Other lines are due to singly ionized nitrogen, whose electrons 
are also using “forbidden transitions”. Thus space is peopled by 
oxygen and nitrogen — our familiar air -as well as by sodium and 
calcium. 

Homer Lane in 1869 calculated the theoretical temperature of the 
Sun on the assumption that the particles behave as those of a perfect 
gas and that the internal heat is material. But Eddington has pointed 
out the importance of radiation, which, coming from within, is caught 
by the atoms and electrons in the outer layers, and stepped down 
from X-rays to visible light, so that the energy only slowly escapes. 
Thus in recent years it has been realized that at high temperatures 
the ratio of radiant to material heat is greater than was thought, that, 
indeed, the two arc approximately equal. At a temperature of 5000'’ C., 
the radiation pressure is about }qOZ. per square foot, while at 20 
million degrees, the temperature at the centre of the Sun, it rises to 
3 million tons to the square inch.* 

We can obtain an estimate of the internal temperature required to 
keep the Sun at its observed volume by considering the calculated 
pressure of its freely moving particles, which were at first thought to 
be ordinary atoms or molecules. But we must now bring our new 
atomic theories into action. 

As Newall first suggested to Eddington, the high temperatures 
within the Sun or a star must ionize the atoms, that is, detach their 
electrons. For instance, with an oxygen atom, the atomic weight is 
16 and the number of satellite electrons is 8, so that, with the nucleus, 
the number of particles is 9, and their average weight is or 1*78. 
From lithium 1-75 to gold 2-46 these weights range closely round 2, 
but with hydrogen the atom is broken only into two particles, a proton 
and an electron, and the average weight of the particles is I instead 
* Eddington, Internal Constitution of the Stars, 1927. 
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of 2. Thus, speaking broadly, for the temperature problem we can 
divide particles into hydrogen and not-hydrogen, and the more 
hydrogen the less the calculated luminosity. It seems that, from the 
observed luminosities, a proportion by weight of hydrogen and | not- 
hydrogen fits the observed properties of most stars investigated. Robert 
Atkinson and Fritz Houtermans pointed out in 1929 that the very 
high temperatures inside the Sun might be expected to be destructive 
even to nuclei if they were bare and uncushioned by electrons. 

The idea of ionization in the material of stars is also supported by 
the quantum theory. This was first indicated by Eggcrt (1919) and as 
regards the outer layers by Saha (1921) who thus started modern 
views on stellar spectra. 

Taking all the new atomic knowledge into reckoning, astronomers, 
returning to Lane’s theory, now assume the particles of a star to 
behave as a perfect gas, even in the dense stars described above. In 
these dense stars the atoms are stripped bare of electrons, so that their 
nuclei and the detached electrons behave as isolated particles. 

Sir R. H. Fowler applied to the phenomena of dense stars the 
theoretical principles of wave-mechanics, on lines due to Fermi and 
Dirac. The application is based on Pauli’s quantum law, which states 
that two electrons in an atom cannot occupy the same orbit. But in 
very dense matter some electrons have to stay in orbits of high energy ; 
the pressure needed to decrease the volume is then greatly increased, 
and the internal temperature of any star necessary to balance the 
pressure is less — for the centre of the Sun, say, some 20 million degrees. 

Beyond our galaxy lie others, at enormous distances, visible to us 
as spiral nebulae. In the 1 00-inch reflecting telescope at Mount 
Wilson, California, it is reckoned by sampling that about ten million 
spiral nebulae are visible, the most distant of them being perhaps 
500 million light-years away. A 200-inch reflector is now under con- 
struction; this should probe twice as far, and show eight times as many 
nebulae, if they are evenly scattered through space and there is no 
absorption of light. It will be remembered that 'the cosmic rays 
described above come from these outer regions, either from interstellar 
space or from the spiral nebulae. 

As already stated, the spectrum lines of spiral nebulae are dis- 
placed towards the red compared with the corresponding terrestrial 
lines. This indicates a recession of the nebulae, a recession which 
grows faster in proportion to the distance, and is now accepted as 
indicating the continual expansjpn of the Universe. Dc Sitter’s theory 
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of space, linked by the mathematical investigations of A, Friedmann 
and Abbe G. Lemaitre with that of Einstein, also requires an expan- 
sion of the Universe, so that we may say that theory and observation 
agree. 

E. A. Milne has pointed out that if initially the galaxies, endowed 
with their present speeds, were concentrated in a small volume, those 
with highest speeds would by now have travelled farthest, and we 
should get the observed relation between distance and speed of retro- 
gression. In 1932 Eddington estimated this speed as 528 kilometres 
per second per megaparsec^ distance; the dimensions will be doubled 
in 1500 million years. This gives the initial radius of the Universe as 
328 mcgaparsecs, or 1068 million light-years; the total mass of the 
Universe as 2-14 x 10^® grammes, or i-o8 x lo^^ ^ the Sun’s mass, and 
the number of protons or number of electrons in the Universe as 
i-2()x 10’'^. The basic number 528 may need to be increased. The 
consideration of an irreversible, or one way, process such as this, raises 
questions similar to those inherent in the continual increase of entropy 
under the second law of thermodynamics; both point to a definite 
beginning, and a steady running down in the availability of energy 
towards an end. But it has been suggested that our present thermo- 
dynamics may be a peculiarity of an expanding Universe; indeed 
Tolman has formulated a scheme of relativistic thermodynamics in 
which the second law is reversed in a contracting Universe. Energy 
would then become more and more available, and the re-formation 
of matter from radiation would be possible. On these lines we may 
speculate about a pulsating Universe, in which we chance to be living 
in a phase of expansion, and need not contemplate a beginning or 
an end. 

The final problem is : what is the source of the energy radiated by 
the Sun and other stars? It has to maintain an internal temperature 
of tens of millions of degrees, so it cannot come from without, and 
some form of sub-atomic energy seems necessary. Einstein’s relation 
between energy and mass — that i gramme represents g x lo^^ ergs of 
energy — gives the Sun’s total stock of energy as r8 x 10^^ ergs. 'This 
is about 15 billion^ years’ supply at the present rate of 

output, but it would be more as the mass and therefore the output 
grows less. The calculation gives to the Sun an age of about 5 billion 
(5 X 10^^) years. It assumes that protons and electrons cancel each 

• A mcgaparsec is a milHon parsecs or 3-26 x 10® light-years. 

® This is the English billion, equal to a million million or lu'^ 
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Other, but, as explained above, the discovery of positrons makes this 
a less likely explanation, as does Aston’s work. 

Aston’s accurate determination in 1920 of the atomic weight of 
hydrogen revealed the large amount of energy to be obtained by 
the transmutation of hydrogen into other elements, and offered an 
alternative source of supply, which, in these later years, is more 
probable. Indeed it seems likely that the process is carried on by the 
conversion of hydrogen into helium by the catalytic action of carbon 
and nitrogen.^ 

The amount of energy to be thus obtained is, of course, less than 
on the annihilation theory, which uses up the whole mass of the Sun, 
but, by the transmutation of 10 per cent, of its mass from hydrogen 
to not-hydrogen, the radiation of the Sun would be kept going for 
some ten thousand million (lo^*^) years, a period long enough to 
satisfy the geologists, though less than the millions of millions offered 
us by annihilation. It seems also that the age of the stars is not likely 
to be more than a small multiple of the recession lime of the galaxies, 
so again we get an indication of an age of some thousand millions of 
years, say 2x10^. This figure would be somewhat increased by the 
heat liberated by gravitational contraction and radio-activity. The 
stability which the theory indicates for the Sun and stars is a point in 
its favour. 

We may compare witli these figures the age of the Earth as reckoned 
from the relative amounts of the radio-active elements uranium and 
thorium and their disintegration products in different rocks. Such 
investigations lead to the inference that the solid crust of the Earth 
was formed not later than i*6 x 10® years ago. 

According to relativity theory, space, or rather space-time, has 
a certain natural curvature which is increased in the neighbourhood 
of matter or in an electro-magnetic field. The natural curvature is the 
relativity equivalent of a cosmical repulsion, and the cosmical repul- 
sion at unit distance is the cosmical constant, usually written as A. Its 
value can be estimated by the rate of recession of the stellar galaxies, 
allowance being made for the . simultaneous gravitational attrac- 
tion, Taking Eddington’s figures, the speed of recession of a galaxy 
is proportional to the distance, and is about 500 kilometres per 
second per megaparsec. At a distance of 150 million light-years 
the speed is 15,000 miles a second. At 1900 million light-years the 
speed works out at 190,000 miles a second, but, as this is greater 
than the velocity of light, there is apparently something wrong. 

' G. Gamow, The Birth and T^^^th of the Sun, London, 1941. 
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Perhaps Einstein’s or de Sitter’s closed space-time, in which there are Recent 
no distances beyond a certain amount, may save our theories from Astro-physm 
disaster. 

The most important advances in Geology during recent years have 
been obtained by the study of Geophysics, in which physical methods 
of research have shown that the figure of the Earth is not an exact 
spheroid, but an irregular form, given the name of geoid. Physical 
methods also have given information about regions of the Earth lying 
below the surfaces of land and sea. 

The accurate measurement of gravity from place to place shows 
anomalies which Jeffreys thinks must indicate that mountains are 
supported not entirely from below but partially by the strength of the 
Earth’s crust, sometimes under considerable stress. Mcinesz and 
others, working in a submarine vessel near the East Indies, have found 
indications that a narrow belt of the Earth’s crust is here buckled 
sharply downwards in unstable equilibrium. Bullard has shown gravi- 
tational anomalies along the floor of the Great Rift Valley in Africa, 
suggesting that the lighter matter of the crust is held down by the 
inward thrust of the flanks of the valley. 

Seismic observations include those on both near and distant earth- 
quakes. The waves due to near earthquakes travel mainly in the outer 
parts or crust of tlie Earth, while those from distant disturbances 
traverse deeper regions, some even passing near the Earth’s centre. 

The study of near earthquakes indicates, according to Jeffreys, that 
the Earth’s crust is of relatively small thickness — perhaps about 
25 miles — and composed of differing materials arranged in stratified 
layers. Besides the main condensational and distortional waves, which 
have long been recognized, other waves with lower velocities have 
now been detected. Observations on these various waves show reflection 
and refraction at different places, indicating discontinuities in the 
material of the Earth’s crust. Distant earthquakes, starting waves 
which traverse the interior of the Earth, give evidence of an Earth- 
core with a radius more than half that of the Earth itself. 1 he dis- 
tortional waves, which need a solid medium for their transmission, do 
not reappear beyond the core; hence it seems probable that the core 
is liquid, composed, Jeffreys thinks, of iron or nickel-iron. 

Charges of high explosives, fired a few feet below the ground, set 

^ H. Jeffreys, The Earth, Cambridge, 1929; Earthquakes and Moimiaim, London, 1935. 

O. T. Jones, “Geophysics”, Proc. Inst. Civil Engineers, 193 ^^- Bullard, “Geophysical 

study of submarine geology”, Nature, I94t>, p- 764’ fiiylor, Historical Association 

Pamphlet, No. 126. 
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Geolog); up a series of waves like those of natural earthquakes. The times of 
arrival of waves of different types at chosen spots are recorded by 
means of a seismograph, and thus the velocities are measured. Some 
waves pass down through unconsolidated formations to be reflected 
at a relatively solid floor, giving an “echo”, the time of which shows 
the depth of the floor. Similar methods are useful in locating oil- 
bearing strata, and in submarine geology in constructing contoured 
maps of the sea bottom. The Geodetic Survey of the United States has 
developed a method of determining the distance of a ship from a fixed 
buoy : a small bomb is thrown from the ship and the moment recorded ; 
the sound travels through the sea, and actuates a microphone and 
wireless transmitter on the buoy, the signal from which is also recorded 
on the ship; the time interval between the records gives the distance. 
Most of the coast waters of the United States have thus been mapped ; 
a sharp demarcation is found between the continental shelf and the 
slope at its outer edge. Useful information is also found by observing 
the reflection of waves from interfaces between soft rocks, where the 
wave-velocity is comparatively slow, and hard rocks where it is quick. 
The British Isles have igneous and well-consolidated sedimentary 
rocks on land, and, in the neighbouring waters, softer, more recent 
sediments which reach a depth of 8000 feet at the hundred-fathom 
line, about 150 miles out at sea. 
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SCIENTIFIC PHILOSOPHY AND 
ITS OUTLOOK 

Philosophy in the Twentieth Century — Logic and Mathematics — Induction — ^Tlie 
Laws of Nature — ^The Theory of Knowledge — Mathematics and Nature — ^The 
Evanescence of Matter — Free-Will and Determinism — ^The Concept of Organism 
— Physics, Consciousness and Entropy — Cosmogony — Science, Philosophy and 
Religion. 

The various threads of philosophic thought, which in Chapter viii 
were traced through the nineteenth century, must now be followed 
into the twentieth. 

The philosophy bequeathed by the French Encyclopaedists was 
based on Newtonian science, and, as already explained, was com- 
bined later on with Darwinismus to form German materialism. But, 
before that time, Kant, Hegel and their followers had developed an 
alternative system of idealism, which, although predominant among 
academic philosophers, repelled men of science, who, for the most 
part, ignored philosophy for a hundred years. 

The Papal Encyclical of 1879, whereby Leo XIII re-established 
the Wisdom of Saint Thomas Aquinas as the official philosophy of the 
Church of Rome, led to a revival of Thomism in Catholic schools of 
thought. Attempts were made to interpret mediaeval Scholasticism 
in terms of modern knowledge, or as much of such knowledge as could 
be accepted by orthodox theologians.^ The results can be said perhaps 
to have made terms between Scholasticism and some branches of 
science, rather than to have accepted the scientific spirit in its entirety. 
Consequently they lie off the main road of enquiry which we arc 
following, and we must turn to other developments. 

At the beginning of the twentieth century, the majority of men of 
science held unconsciously a naive materialism, or, if they thought 
at all about such problems, inclined to the phenomenalism of Mach 
and Karl Pearson, or the evolutionary monism of Haeckel or of 
W. K. Clifford. 

Evolution, which in the modest mind of Darwin was only a 
scientific theory, perhaps partially explained by the hypothesis of 

’ A Manual of Modem Scholastic Philosophy, chiefly by Cardinal Merrier, Eng, Iram. 
2nd ed. 2 vols. l..oudnn, igiy. 


Philosophy in 
the Twentieth 
Century 



SCIENTIFIC PHILOSOPHY AND 


Philosophy in 
the Twentieth 
Century 


456 

natural selection, had become a philosophy, indeed to some men 
almost a creed. The real lesson which evolutionary biology teaches 
to general thought is that continuous change must be expected in all 
things, and that selection of some sort may slop the change pro- 
ceeding far in directions unsuited to the environment. We have 
already seen how that lesson was learned by one department of thought 
after another, and how it widened and deepened them all. But such 
a legitimate efl'ect of a scientific development stops very far short of 
exalting it into a philosophic system, the basis and meaning of reality. 
Biology and palaeontology indicate an evolution during a few million 
years from a simple ancestry to many differentiated and complex 
species, but the evolutionary philosophers from Herbert Spencer 
onwards assumed that this progress was a universal law of being. 
Hence evolutionism, though linked at first with materialist deter- 
minism, became for a time an optimist philosophy. Even if death 
were the end of each man, he could feel that he was one link in a chain 
leading to continual improvement in organic nature, perhaps also in 
cosmic structure. 

In more recent years, evolutionary philosophy has shown new 
tendencies, especially in a desire to use biology as a road of escape 
from that mechanical view of things which is apparently imposed by 
physics. Bergson went even further, and tried to sweep away not only 
physics but also logic with its fixed principles.^ To him life is a 
universal stream of becoming, in which divisions are illusory, and 
reality can be lived but not reasoned about. He accepts a doctrine 
of final causes, but causes which, unlike those of the old, predetermined 
finalism, are moulded anew as creative (evolution proceeds. 

Hence Bergson exalts instinct and intuition as against reason, which 
he holds was developed by natural selection as a mere practical 
advantage in the struggle for life. Such an argument seems to apply 
even more strongly to instinct, which is, as a matter of fact, strongest 
in those primitive and practical needs which have most survival value. 
Reason, and the fertile combination of intuition and reason by which 
advances in knowledge are made, seem chiefly usefuhat a later stage 
and for purposes of no clear significance in natural selection. For 
instance, they arc certainly necessary for science, even for the con- 
struction of the theory of natural selection which Bergson invoked, 
and for philosophy, even that of the variety of creative evolution which 
he formulated. 

William James’s pragmatism shows another form of evolutionary 

' Evolution Criatricej Paris, 1007; Eng. tram. London, 1911. 
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philosophy, in which one test of truth in a belief is whether it is useful. 
Pragmatism evades both scientific and religious agnosticism. It meets 
the difficulty about the validity of induction by pointing out that we 
must assume induction to be valid in order that we ourselves should 
survive. Unless wc use our past observation as a guide to the future, 
disaster will overtake us. On the full theory of natural selection, since 
religion is so widespread, it is probable that some religious beliefs have 
survival value and arc therefore, according to pragmatic definition, 
“true’'. Perhaps it is fair to remark that a pragmatist who adjusted 
his beliefs to give survival value through the reigns of Henry VIII, 
Edward VI, Mary and Elizabeth would have had his ideas of “ truth ” 
elfcetively enlarged. It may be, as William James held, that many 
beliefs, both in science and in everyday life, are only true in this same 
sense — that they work in practice. But others can clearly be put to 
another test, that of direct observation or experiment, and thus a 
criterion unrecognized by strict pragmatism can be brought to bear. 

Although evolutionism spread out from science and philosophy till 
it became a popular guide to history, sociology and politics, yet all 
the time most academic philosophers maintained some form of the 
classical tradition, still derived ultimately from Plato through German 
idealism, either Kantian or Hegelian. Hegel imagined that a know- 
ledge of the real world could be obtained a priori by logic, and in 
England this opinion was modernized by Bradley, whose book, 
Appearance and Reality^ was published in 1893. According to Bradley, 
the world of appearance, expressed by science in terms of time and 
space, is self-contradictory and therefore illusory; the world of reality 
must be logically self-consistent, and therefore ultimately reduces to 
a timeless and boundless Absolute. Such ideas echo down the ages 
from Parmenides, Zeno and Plato. 

About 1900 a reaction against this Hegelian mode of thought 
became clear even among philosophers. On one side logicians like 
Husserl found fallacies in Hegel, and denied Bradley’s belief that 
relations and plurality, time and space, are self-contradictory. In 
this their work linked up with that of mathematicians who came to 
similar conclusions. On the other side, those who revolted against 
the constraint of reason, or the classical formalism of a logical world, 
accepted Bergson’s exaltation of intuition or instinct, or followed 
William James cither into pragmatism or into radical empiricism, in 
which ideas about reality are founded on experience alone. The last 
line of thought and that of the mathematicians have clearly the closest 
affinity with the scientific outlook, and from them arose a new 
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development to weld physical science and philosophy together once 
more. 

The ideas adopted by Mach in his analysis of experience^ reappear 
in James’ radical empiricism. Combined with new views in logic, in 
the theory of knowledge and in the principles of mathematics, ^ they 
led to a mode of thought which is sometimes called new realism. This 
philosophy, largely developed at Harvard, gives up the idea of a com- 
prehensive system, based on some theory of the Universe as a whole, 
as science gave up that idea when breaking away from Scholasticism 
in the seventeenth century; it fits knowledge together piecemeal when 
investigating general problems, as science does when studying special 
ones, and formulates hypotheses where observational or experimental 
evidence is not yet available. In its theory of knowledge, it abandons 
the belief that reality necessarily depends in some way on our thoughts : 
in this it departs from idealism. But it goes beyond Mach's pure 
phenomenalism, and holds that science is concerned in some way with 
persisting realities, not merely with sensations and mental concepts. In 
logic, according to the new realism, the intrinsic character of one thing 
does not enable us to deduce its relations to other things. In both 
logic and theory of knowledge, therefore, the new philosophy is thrown 
back on an analytic method. But the greatest effec t was produced 
by its connection with the principles of mathematics. Russell says: 

Ever since Zeno the Eleatic, philosophers of an idealistic caste have sought to 
throw discredit on mathematics by manufacturing contradictions which were 
designed to show that mathematicians had not arrived at real metaphysical truth, 
and that the philosophers were able to supply a better brand. There is a great deal 
of this in Kant, and still more in Hegel. During the nineteenth century the mathe- 
maticians destroyed this part of Kant’s philosophy. Lobatchevski, by inventing 
non-Euclidcan geometry, undermined the mathematical argument of Kant’s 
transcendental aesthetic. Weierstrass proved that continuity docs not involve 
infinitesimals; Georg Cantor invented a theory of continuity and a theory of 
infinity which did away wilh all the old paradoxes upon which philosophers had 
battened. Frege showed that arithmetic follows from logic, which Kant had 
denied. All these results were obtained by ordinary mathematical methods, and 
were as indubitable as (he multiplication table. Philosophers met the situation by 
not reading the authors concerned. Only the new philosophy assimilated the new 
results, and thereby won an easy argumentative victory over the partisans of 
continued ignorance.^ 

Now the full details of this revolution in philosophic thought can 
be appreciated only by those able to follow the very technical and 

^ E. Mach, Die Analyse der Empjindnngen, 1886; 6th ed. 1911. 

^ Kertrand Russell, Sceptical Essays, London, 1928, pp. 54-79. 

* Sceptical Essays, p. 71. For fuller treatment see Russell, Our Knowledge of the External 
World, Chapters v and vj. London, rgi4;^2nd ed. 1926. 
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difficult mathematics involved. But the general result is plain. Philo- Philosophy in 

sophy can no longer stand on its own base; it is once more linked with 

other knowledge. But whereas in the Middle Ages and in many of 

the philosophic systems of modern times other subjects were deduced 

from and fitted into a preconceived philosophic scheme of the Universe, 

the new realism has taught philosophy now, as in the days of Newton, 

to take account of mathematics and science before building its own 

temple. Moreover, it must build that temple stone by stone, and not 

try to bring it down as a complete finished whole from cloud- 

cuckoo-land. 

The new realism uses mathematical logic as its means of con- 
struction, and is thus able to trace the philosophic meaning of fresh 
knowledge in science in a way impossible before. Consequently, 
although the new method arose chiefly from developments in mathe- 
matics, its most important data are now obtained from physics — 
from relativity, the quantum theory and wave-mechanics. An 
attempt will now be made to give in non-technical terms some 
account of this latest of all the philosophies which have been founded 
on science. 

Logic is the general science of inference, and so includes all types Lo^k and 
of reasoning, though, owing to historical accident, it began as the 
theory of deduction. The great Greek discovery of deductive geometry 
led Aristotle, in founding logic, to lay too much stress on deductive 
inference generally. Francis Bacon, on the other hand, in a natural 
reaction produced by his vision of the possibilities of the new experi- 
mental method, insisted on the unique importance of induction. 
Nevertheless, he distinguished three kinds ofinference— from particular 
to particular, from particular to general, and from general to particular. 

Mill pointed out that true scientific method involved both induction 
and deduction, and thus combined the work of Aristotle with that 
of Bacon. 

Metaphysics may be considered as the study of being in general— 
of things which are or may be apprehended by the mind. Psychology 
is the study of mind in general, including its operations, one of which 
is inference or reasoning. Thus by classification logic is a department 
of psychology, though its importance, and the possibility of studying 
it in separation from other branches of psychology, have made it 
practically an independent subject. 

> See T. Case, art. “Logic”, in Etwydopaedia Britannka, nth ed.; and Bertrand Russell, 

Our Knowledge of the External World. 
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and Till recently, much of formal logic was little more than an account 
itics Qf technical terms and syllogistic rules bequeathed by Aristotle 
and the mediaeval Schoolmen. Luckily, informal methods of reasoning 
grew up among practical men of science. In their combination of 
induction and deduction, these methods began with Galileo, and even 
in deduction developed into processes not contemplated by the 
syllogism, while logicians still kept to the old ways. 

In 1920 it was pointed out by N. R. Campbell that, to a man of 
science, even the logistic syllogism seems to depend on induction.^ 
Take, for instance, the familiar case — all men are mortal; Socrates is 
a man; therefore Socrates is mortal. By observation and experiment 
we find that certain bodily and mental properties are uniformly 
associated ; this law is expressed in the concept “man”. That concept 
is also found to be associated with the property of mortality, and we 
state another law that the association is universal. It is a fair inference 
that the law will hold for the individual, and Socrates prove to be 
mortal. But the argument as thus put involves induction. Of course 
the pure logician will say that the premises arc supposed to be given, 
and that logic is only concerned with deductions from them. Camp- 
bell thinks that if reasoning be really without any inductive element, 
it carries no conviction to a scientihe mind. 

Traditional logic holds that every proposition must necessarily 
consist in ascribing a predicate to a subject, and this assumption led 
philosophers like Hegel and Bradley to some of their characteristic 
conclusions, such as that there can be only one real subject, the 
Absolute, for if there were two, the proposition that there were two 
would not ascribe a predicate to either. Thus the separate objects of 
sense, it is argued, are illusory, and merge in a single Absolute. This 
assumption of the logical universality of the subject-predicate form 
led also to the refusal to admit the reality of relations, and to the 
attempt to reduce them to properties of the apparently related terms. 
Thus the object of science (which is chiefly the study of relations), 
like the objects of sense, became illusory. 

Perhaps a symmetrical relation, such as equality or inequality 
between two things, may be regarded as an expression of properties, 
but with an asymmetrical relation, where, for instance, one thing is 
greater than or before another, the attempt breaks down. It appears 
then that we must admit the reality of relations, and thus this purely 
logical ground for supposing the world illusory vanishes. 

Probably such verbal arguments will carry little weight, one way 
* N. R. Campbell, Physics, The^Unmts, Cambridge, 1920, p. 235. 
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or another, to those used to the more concrete reasoning of science. 
But they lead up to the mathematical evidence which we must now 
try to describe. 

Modern mathematical logic began in 1854 with Boole, who in- 
vented a mathematical symbolism for deducing consequences from 
premises. Then Peano and Frege showed by mathematical analysis 
that many propositions regarded by traditional logic as of the same 
form, such as ‘'this man is mortal” and “all men are mortal” were 
fundamentally different. The old confusion had obscured the relation 
of things to their qualities, of concrete existence to abstract concepts 
and of the world of sense to that of Platonic ideas. 

Mathematical logic enables the enquirer to deal easily with ab- 
stract conceptions, and suggests new hypotheses which otherwise 
would be overlooked. It has led to a theory of physical concepts, and 
also to a new theory of number, discovered by Frege in 1884 and 
independently by Russell some twenty years later. Russell says: ^ 

M(jst philosophers have tliought that the physical and the mental between them 
exhausted the world of being. Some have argued that the objects of niathematics 
were obviously not subjective, and therefore must be physical and empirical; others 
havt* argued that they were obviously not ])hysical, and therefore musi be sub- 
jective and mental. Both sides were right in what they denied, and wrong in whal 
they asserted; hrege has the merit of accepting both denials, and finding a third 
assertion by recognising the world of logic, wliich is neither mental nor physical. 

Frege distinguishes things merely objective, such as the Earth's 
axis, from those that arc also actual and spalial, like the Earth itself. 
In this sense number, and indeed all mathematics and logic, are 
neither spatial and physical nor subjective, but are non-sensiblc and 
objective. This leads to the conclusion that we must regard numbers 
as classes — the number 2 as the class of all couples, the number 3 as 
the class of all triads, and so on. As Russell defines it: “the number 
of terms in a given class is the class of all classes that arc similar to the 
given class”. This is found to satisfy the formulae of arithmetic, and 
applies to 0 and to 1 and to infinite numbers, all of which present 
difficulties to other theories. It does not matter if classes are fictitious 
and do not exist; the definition works equally well if for “class” is 
substituted the hypothesis of anything having the defining property 
of the class. Then, though numbers become unreal, they remain 
equally effective logical forms. 

One of the grounds on which some philosophers have questioned 
the reality of the sensible world is the supposed self-contradiction and 

^ Our Knowledge of the External World, p. 205. 
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therefore the impossibility of infinity and continuity. No conclusive 
empirical evidence can be adduced in favour of infinity or continuity 
in the physical world, but for mathematical reasoning they are 
necessary, and the supposed contradictions are now known to be 
illusory. 

The problem of continuity is essentially the same as that of infinity, 
for a continuous series must have an infinite number of terms. The 
question arose with Pythagoras, who discovered that the square on 
the hypotenuse of a right-angled triangle is equal to the sum of the 
squares on the sides, and, if the sides are equal, the square on the 
diagonal is double the square on either side. But the Pythagoreans 
soon proved that the square of one whole number cannot be double 
that of another, so that, measuring in whole numbers, the length of 
the side and the length of the diagonal are incommensurable. The 
Pythagoreans, who believed that the essence of the world was number, 
are said to have made this discovery with dismay and to have tried 
to keep it secret. Geometry was reconstructed on the basis adopted 
by Euclid, which did not involve arithmetic and thus evaded the 
difficulty. 

Cartesian geometry returned to arithmetical methods, and was 
soon developed by the use of “irrationaT’ numbers, which give the 
ratios of incommensurable lengths. These numbers were found to 
conform with the rules of arithmetic and came to be used with com- 
plete confidence long before satisfactory definitions of them were 
given in recent years and the problem of incommcnsurables solved. 

We can also indicate, in a general way, how modern mathematicians 
have produced a theory of infinity, which has cleared up the difficulties 
that, from Zeno onwards, have given philosophers so much to talk 
about. The problem is essentially mathematical, and, until mathe- 
matical processes were sufficiently advanced, could not be attacked 
or even formulated successfully. 

Infinite series and infinite numbers appeared at an early stage in 
modern mathematics. Some of their properties appeared unfamiliar, 
but, instead of concluding that the ideas of infinity were illusory, 
mathematicians continued to employ them, and, in the sequel, found 
a logical basis for their methods. 

The difficulties about infinity are partly misunderstandings about 
the meanings of words, caused by the confusion of the mathematical 
infinities with the somewhat vague ideas of infinity imagined by non- 
mathematical philosophers — ^ideas which are irrelevant to mathe- 
matical problems. Etymologically, “infinite” means having no ends, 
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but some infinite series (e.g. the series of past moments terminating 
now, or the infinite number of points in a finite line) have ends, and 
some other infinite series have not, while some collections are infinite 
without being serial. 

Other difficulties arc due to the attempt to apply to infinite numbers 
certain properties of finite numbers, such as the property of being 
countable. Infinite series may be known by the qualities of their own 
class, though their terms cannot be enumerated. Again, an infinite 
number is not increased by adding to it or even doubling it, or 
lessened by subtracting from or dividing it. If all numbers 1,2,3,..., 
etc. be written in one row and all even numbers 2, 4, 6, ..., etc. in 
a second row beneath the first, the number of figur es in the two rows 
is the same, yet the second row results from taking away the infinite 
number of odd numbers from the infinite collection of all numbers. 
The whole apparently is not greater than the part. Such contra- 
dictions led pliilosophers to deny the existence of infinite numbers. 
But the word “greater” is ambiguous. Here it means “containing 
a greater number of terms”, and in this sense the whole can be equal 
to its part without self-contradiction. 

The modern theory of infinity was developed by Georg Cantor in 
1882-3. showed that there is an infinite number of different 
infinite numbers, and that in general the idea of greater and less can 
be applied to them. In some cases, where this apparently fails, new 
questions arise. For instance, the number of mathematical points is 
the same in a long line as in a short one; but here greater and less are 
not purely arithmetical; they involve new geometrical conceptions. 

The difficulties of philosophers have largely arisen from assuming 
that the properties of finite numbers could be assigned to those that 
arc infinite. Zeno’s arguments might be valid if finite times and 
spaces consisted of a finite number of instants and points. We can 
escape from his paradoxes either (i) by denying the reality of time 
and space; or (2) by denying that space and time consist of points 
and instants at all; or (3) by maintaining that if space and time 
consist of points and instants, the number of them is infinite. Zeno 
and many of his followers chose the first mode of escape; others like 
Bergson the second. 

But on other grounds the existence of infinite numbers and scries, 
and infinite collections in which no terms are consecutive, must be 
admitted. For instance, we can arrange a series of fractions less than 
unity, in the order 1/2, 1/4, 1/8, etc., but between any two of them 
there are others, c.g. 7/16, 3/8. No two fractions in the series are 


Logic and 
Mathematics 



SCIENTIFIC PHILOSOPHY AND 


464 

Logic and consecutive, but the total number of them is infinite. Yet beyond 
Mathematics all is unity, so that we must admit the existence 

of numbers beyond the sum of an infinite series. Much of what 
Zeno says of points in a line applies to this collection of fractions. 
We cannot deny that there are fractions, so that, effectively to 
escape Zeno’s paradoxes, we must find some tenable theory of 
infinite numbers. 

Beyond all the numbers which can be reached by counting are the 
infinite numbers of mathematics. No succession of steps from one 
number to the next will reach them. They exist in classes, which can 
only be defined in mathematical terms and examined by mathe- 
matical processes. But all those competent to judge arc satisfied tliat 
mathematical logic and the mathematical theory of infinity have 
been developed on right lines. The old logical arguments for the 
illusory nature of the objects of sense and the laws of science have 
been proved invalid; the problem remains open and must therefore 
be attacked by other methods. In spite of the teaching of so many 
idealist philosophers, it is impossible to deduce the nature of the 
external world by a priori mental processes. The observational and 
inductive methods of science are necessary. 

Induction The part of logic that deals witli the process by which general laws 
arc discovered from particular phenomena- -the process of induction 
— is of special importance for experimental science. It was studied, 
as we have seen in former chapters, by many philosophers, among 
whom Aristotle and Francis Bacon were perhaps the most famous. 

Bacon, in his exaltation of experiment, held that, by an almost 
mechanical process, general laws can be established with complete 
certainty. The sceptical Hume pointed out that if an induction is 
used to obtain new knowledge, i.e. if it is to fulfil its proper purpose, 
it may sometimes lead to erroneous results, so that the laws obtained 
by its means arc merely more or less probable, but cannot claim 
certainty. But, in spite of Hume, most men of science and some 
philosophers still regarded induction as a road to absolute truth. 
Even Mill held this belief, founding induction on a ‘Taw of causality ”, 
which he regarded as proved by the enumeration of large numbers 
of instances in which events can be shown to have causes. Whewell 
pointed out that experience alone might prove generality but not 
universality. Nevertheless, he held that universality could be reached 
by the additional use of necessary truths, such as the rules of arith- 
metic and the axioms and deductions of geometry. This was of course 
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before the days of non-Euclidean space.^ In spite of Whewell’s Induction 
caution, it is probable that Mill expressed the general belief of his 
time. As Henri Poincare writes 

Pour un observateur superficicl, la verite scientifique est hors des atteintes du 
doute; la logique de la science est infallible et, si les savants se trompent quel- 
quefois, e’est pour avoir meconnu les regies. 

The function of science is to trace relations between phenomena, 
or rather between the concepts in which phenomena arc expressed. 

But when, for instance, we have discovered that an increase of 
pressure in a gas produces a decrease in volume, we can equally well 
say that a decrease in volume produces an increase in pressure.^ 
Whichever variable is thought of first seems to the mind to act as 
cause. Here the ambiguity of the ideas of cause and effect is clear; 
it is when the element of time is involved — when one of the related 
events follows the other — that the mind instinctively identifies post 
hoc with propter hoc. But then it is impossible to isolate the real cause 
of an event from a long train of antecedent circumstances — all 
necessary for its happening. Moreover, relativity has shown that an 
event in the “here-now” can only cause events in the absolute future 
and be caused by events in the absolute past; the events in the neutral 
zones of Fig. 16 (sec p. 406 above) can have no causal connection 
with a ‘‘here-now’’ event, because the influence would have to be 
transmitted with a speed faster than light. Again, if the principle of 
causation is to be used to establish the validity of induction as a guide 
to absolute truth, it cannot logically itself be established by a process 
of induction. Thus the basis of Mill’s argument is discredited. ^ 

Indeed, while the method of induction is easy to describe, its logical 
validity is difficult to establish. Its method is certainly not Baconian. 
Whewell pointed out that induction depends for its success on having 
the right idea to start with. Insight, imagination, and perhaps genius, 
are required firstly to pick out the best fundamental concepts and to 
classify the phenomena in a way that makes induction possible,^ and 
then to frame a tentative ‘Maw” as a working hypothesis which can 
be tested by further observation and experiment. 

* It is possible that Whewell was right about arithmetic; the relations of integral 
numbers still seem to involve absolute truth. Perhaps, as Kronecker says: '‘Die gan/cn 
Zahlen hat Gott gemacht; alles andcres ist Mcnchenwcrk.” 

“ H. Poincar^, La Science et VHypothlse, Paris, p. i . 

^ W. G. D. Dampiei-Whetham, The Recent Development of Physical Science^ ist ed. London, 

1904, p. 29. 

^ A. S. Eddington, The Nature of the Physical World, Cambridge, 1928, p. 295. 

® H. Poincare, loc. cit.; N. R. Campbell, loc. cit,; A. D. Ritchie, Scientific Method, London, 

1923, p. 62. 
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Induction Let US take some examples. Aristotle’s ideas of substance and 
qualities, natural places, etc. were useless as concepts for dynamics, 
and only led, if they led anywhere, to false conclusions, such as that 
heavier things fall faster. No advance was possible till Galileo and 
Newton, discarding the whole Aristotelian scheme, picked out from 
the chaos as new fundamental concepts distance or length, time and 
mass, and thus were able to think in terms of matter and motion. 

With distance and time to work with, aild their derivative velocity, 
Galileo, after one failure, guessed the right relation between the 
velocity of a failing body and the time of fall, deduced its mathematical 
consequences and verified them experimentally. Adding the concept 
of mass, implicit in Galileo’s work, Newton formulated the laws of 
motion, and deduced from them the science of dynamics, abundantly 
verified by observation and experiment. 

The importance of right concepts is clear, and of right definitions 
of them when formed, llius Poincare holds that our measurement 
of time from noon to noon, instead of, for example, from sunrise 
to sunrise, was chosen unconsciously because it, and it alone, made 
Newtonian dynamics possible.* Those who dispute this, for instance 
Whitehead and Ritchie, do so by accepting consciousness as arbiter, and 
our direct sense of the equality of times as the basis of measurement.^ 

Having chosen the right fundamental concepts, it is probable that 
relations between some of them soon aj^pear, as to Galileo. 'The 
relations, or logical deductions from them, can be tested experi- 
mentally, and some of them will be confirmed. Thus simple laws are 
established, and the new subject begins to take shape. Elach new 
relation proved suggests new experiments, and the growth in experi- 
mental knowledge needs and suggests new hypothetical relations. 
Insight and imagination are needed to formulate probable hypo- 
theses ; logical and sometimes mathematical power is needed to deduce 
their consequences ; patience, perseverance and experimental skill are 
needed to test their validity. In fact, as N. R. Campbell says, 
induction is an art and science the noblest of arts. 

In the light of the recent work in physiology and plSychology, as set 
forth in Chapter ix, some people, such as those who hold ‘ ‘ behaviourist 
views, think that the fundamental process which underlies induction, 
is closely allied to the “conditional reflex” of psychology. A child 
touches fire and is hurt; he avoids fire for the future. If the fire was 


‘ La Valeur de la Science^ Chap. ii. 

® A. N. Whitehead, Concept of Nature j pp. 121 et seg.; A. D. Ritchie, Scientific Aiethodi 
London, 1923, p. 140. ^ 
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in a fireplace, he may equally avoid fireplaces also, even when empty. 
In the first casohis induction was right, in the second wrong, though 
logically each was an unjustified generalization from one special case. 
Similar results ^rc found to occur in animals; but, whether in animals 
or men, they are at first merely instinctive; the theory of the process, 
its expression in words, comes much later, and may be what the 
Freudians call a “rationalization” — an invention of reasons, good or 
bad, to prove that what we have acquired a habit of doing is rational. 
Some think that these simple cases may throw light on, even explain, 
the more complex inductions which science needs. These ideas arc 
in a sense an extension of “behaviourism” in psychology, and will 
probably stand or fall with those somew'hat mechanical views of 
mental processes generally. 

And now let us consider the validity of the process of inductitm. 
The mathematical theory of probability has been applied in recent 
years to the problem, especially by J. M. (afterwards Lord) Keyncf^ 
Keynes’ chief question is : Gan induction be based on a mere number 
of instances, as held by Mill? 

Keynes comes to the conclusion that the probability of an induction 
does increase with the number of instances, not for the simple reason 
given by Mill, but because the more numerous the instances are, the 
more likely it is that no third variable is present throughout, so that 
it becomes increasingly probable that the instances have nothing 
in common but the characteristics under consideration. For this 
strengthening in the validity of the induction, it is necessary also that 
each new instance should be independent, that is, must not necessarily 
follow from the former instances. An indudion may approach certainty 
with an increasing number of instances, but far this to hold we must 
first prove or assume that the intrinsic probability of the generalization 
we are seeking to establish is not itself infinitely small. 

In examining this assumption, Keynes is led to the view that the 
qualities of objects, like certain Mendclian units, cohere in groups, 
so that the number of possible independent variables is much less 
than the total number of qualities. This principle is needed also to 
establish laws by the use of statistics, indeed for all scientific know- 
ledge, except that given by pure mathematics. Thus, according to 
Keynes, we need to assume a finite probability that an object has 
only a finite number of independent qualities, or, according to Nicod, 
a number less than some assigned finite number.^ 


Induction 


* J, M. Keynes, Treatise on Probability, London, 1921. 

2 Bertrand, Earl Russell, An Outline of Philosophy, London, 1927, p. 284. 



Induction 


The Laws 
of Nature 


468 SCIENTIFIC PHILOSOPHY AND 

Induction has also been treated by the methods of probability by 
C. D. Broad, who has tried to show that unless some realist belief is 
held — some such assumption made as that scientific “laws” are con- 
cerned with persistent objects underlying perceptions and concepts — 
“it is impossible to justify the confidence which we feel in the results 
of ‘ well-established ’ inductions”.* The thorough-going empiricist or 
phenomenalist might perhaps reply that such confidence, though 
useful as a guide to what is probable in future, has often proved to 
be mistaken. 

If an induction is successful, it gives us a working hypothesis, which, 
if confirmed by observation or experiment, becomes an accepted 
theory and finally takes rank as a natural law. 

The exaggeration of the philosophic importance of the Laws of 
Nature, an exaggeration for which the French Encyclopaedists of the 
eighteenth century were largely responsible, lasted till about the end 
9 t the nineteenth. Then, chiefly under the influence of Mach, the 
pendulum of scientific thought swung in the other direction, and 
natural laws became mere short-hand statements of experience, of 
routines of sensation. 

Modern views lie between these two extremes. For instance, in 
1920 N. R. Campbell, in a critical analysis of the meaning of hypo- 
theses, laws and theories, gave reasons for believing that, in spite of 
the common slightly contemptuous contrast of theories with facts, an 
empirical law, which rests on “facts” alone, does not inspire much 
confidence, but that confidence follows the explanation of the law 
by an accepted theory.^ Such a law may be more than a mere routine 
of sensation. 

According to Campfcell, laws are of two kinds : (i) uniform associa- 
tions of properties such as those connoted by the concepts “man” or 
“silver”; and (2) relations, often mathematical in form, between 
concepts.^ Mill and his followers only deal with the second kind of 
law. “They occupy long treatises in explaining how we discover the 
law that sparks cause explosions in gases, but do not think the inquiry 
how we discover the laws that there are sparks, explosions and gases 
(the knowledge of which is assumed in their discussions) worth a 
moment’s attention; and yet these laws are almost infinitely more 
important for science.”^ Those who have not themselves spent their 
lives doing scientific work have little sense of the relative importance 
of different laws. 


’ C. D. Broad, Scientific Thought, London, 1923, p. 403. 

® N. R. Campbell, Physics, The Elements 153. ^ Ibid. p. 43. 


* Ibid. p. 1 01. 
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Again, the critical examination of the process of induction, from 
the work of Hume to that of Keynes, has shown that inductive 
science, though often unconscious of its limitations, can only draw con- 
clusions which are more or less probable. Sometimes the probability 
in favour of a generalization is enormous, but the infinite probability 
ol certainty is never reached. A few years ago, the exact accuracy of 
Newton’s law of gravity and the permanence of the chemical elements 
were thought to be quite certain, and, in fact, the probability in 
favour of those principles was so great that we all should have been 
willing to bet our last shilling at long odds on their truth. Yet 
Einstein and Rutherford have proved that we were wrong, and our 
money would have gone to that rash gambler who had the apparent 
(nay real) folly to lake our bets. 

I’hus experience confirms modern theories, and goes to show that 
the generalizations or laws established by induction, even when 
universally accepted as true, should be regarded only as probabilities. 
Sinc(‘ much of the evidence for philosophic determinism rests on 
a belief in the universal validity of natural laws, this question is of 
importance. Indeed, the word “law” used in this connection is mis- 
leading, and has had an unfortunate effect. It imparted a kind of 
moral obligation, which bade the phenomena “obey the law” and 
led to the notion that, when we have traced a law, we have dis- 
covered an ultimate cause. 

In view of the firm position held at the beginning of the twentieth 
century by the laws or generalizations known as the persistence of 
matter and the conservation of energy, and the change in outlook 
which has since taken place, the following quotation from a book by 
the present writer, first published in 1904, may perhaps be of interest 

Wliile fully recognizing the importance of these generalizations from the physical 
point of view, we must be careful how we give them any metaphysical significance. 
Under certain limiting conditions, other physical quanlilics besides mass and 
energy may be conserved, 'llius in pure mechanics wc recognize the conservation 
of momentum — a name for the mathematical ejuantity obtained by multiplying 
together the measures of mass and velocity. Again, in reversible systems, w'here 
physical or chemical changes may occur in either direction with equal freedom, 
thermodynamics indicates the conservation of another quantity, named by Clausius 
entropy. Momentum and entropy are only conserved under restricted conditions; 
in physical systems the momentum of visible masses is often destroyed, while in 
irreversible processes entropy always tends to increase. 

Mass and energy may seem to be consci-ved in the conditions known to us, and 
wc are justified in extending the principle of their conservation to all cases where 
those conditions apply. It docs not follow, however, that conditions unknown to 

‘ Recent Development of Physical Science^ ist ed. London, 1904, p. 39; 5th ed. 1924. 
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The Laws us may not exist, in which mass and energy might disappear or come into existence. 
of Nature A wave, travelling over the surface of the sea, seems to persist. It keeps its form 
unchanged and the quantity of water in it remains unaltered. We might talk about 
the conservation of waves, and, perhaps, in so doing, be as near the truth as when 
we talk of the persistence of the ultimate particles of matter. But the persistence 
of waves is an apparent phenomenon. The form of the wave indeed truly persists, 
but the matter in it is always changing — changing in such a way that successive 
portions of matter take, one after another, an identical form. Indications are not 
wanting that only in some such sense as this is mass persistent. 

Moreover, as the author used to teach many years ago in his 
lectures on Heat and Thermodynamics, there is yet another reason 
which makes it dangerous to assign too much philosophic importance 
to these principles of persistence. When the mind is groping in a 
welter of unclassified phenomena and trying to find a basis for order, 
such concepts as mass and energy naturally present themselves because 
they are constant quantities, and remain unchanged throughout a 
series of processes. The mind picks them out of the confusion as con- 
venient physical concepts on which to build a scheme of knowledge, 
and thus they enter into the structure of our physical theories. Then 
comes the experimentalist , Lavoisier or Joule, and, with great ingenuity 
and labour, rediscovers their constancy, and establishes the law of the 
persistence of matter or the conservation of energy. 

These ideas, somewhat unusual at the time, are now very generally 
accepted. The present forms of some of them have already been 
described, and new evidence for others will appear in the following 
pages. 

Campbell says that science starts by selecting for consideration 
those judgments concerning which universal agreement can be ob- 
tained and those regions where order can be discovered, though, at 
every stage of the reasoning to which they are submitted, a personal 
or relative element is introduced which brings in the possibility of 
error, but leads to the highest achievements in science as in art.^ 

Eddington has analysed the result which relativity must have on 
the meaning of our model of nature and its laws.?. We express its 
structure in terms of relations and of things to be related or relata, and 
its possible configuration in a number of co-ordinates. To get from 
the equations containing these co-ordinates a model of the physical 
world adapted to our minds, we find the best mathematical operation 
is that invented by Hamilton. Eddington says it “is virtually the 
symbol for the creation of an active world out of a formless back- 

' Physici, The Elements, p. 22. j 

2 A. S. Eddington, The Nature of the Physical World, Cambridge, 1928, p. 295. 
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ground”. There seems nothing in the basal relations which calls for 
this particular operation, but, by following it, we construct things 
which satisfy the law of conservation. These things are selected by the 
mind, which ever seeks what is permanent — hence arise the concepts 
of substance, energy, waves. 

In this way wc do not touch atoms, electrons or quanta; but, as 
regards field physics, the structure is fairly complete. The field laws, 
conservation of energy, mass, momentum and electric charge, the law 
of gravitation and the electromagnetic equations, describe the pheno- 
mena in virtue of the way they have been formulated. They are 
truisms or identities. Thus Eddington justifies by deeper and more 
general analysis the contention put forward many years ago by the 
present writer in the special cases of the conservation of mass and 
energy. 

Eddington divides natural laws into three classes. 

(1) Identical laws — those like the conservation of mass or energy 
which are mathematical identities owing to the way they have been 
built up. 

(2) Statistical laws— those which describe the behaviour of crowds, 
whether of atoms or of men. Much of our sense of mechanical 
necessity has arisen because till recently we have dealt with atoms 
only statistically in vast numbers. The uniformity of nature is a 
uniformity of averages. The mind has commanded a model of nature 
to satisfy these laws. 

(3) Transcendental laws — those which are not obvious identities, 
implied in our scheme of model-making. They are concerned with 
the individual behaviour of atoms, electrons, and quanta. They do 
not necessarily lead to things that are permanent, but to things like 
action, forced on our attention, but somewhat repugnant, because 
unintelligible to our minds. 

Eddington suggests that perhaps what seem to us the brutal crudity 
and unintelligibility of concepts like action arc signs that we have- 
touched reality at last. If so, we are almost brought back in science 
to the theological dictum of Tcrtullian — Credo quia impossibile. 

Logic, traditional and mathematical, leads to a study of induction 
and of the validity of the natural laws established by its means. Now, 
in the light of the information thus gained, we must turn to examine 
the general theory of knowledge. In Chapter viii we saw how Mach 
and Karl Pearson once more brought the problem of knowledge to 
the notice of men of science, and attempted to convert the prevalent 
crude realism into sensationalism or phenomenalism, a belief that 
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The Theory knowledge is made up of sensations and complexes of sensations, that 
of Knowledge science gives only a conceptual model of phenomena and enables us 
only to trace a routine of sensations. 

This was of course little more than a revival of the ideas of Locke, 
Hume and Mill, but it came as a new discovery to many. Men of 
science, ignoring the philosophers, had for the most part taken the 
naive view of common-sense realism about the meaning of their work, 
but some of them listened to physicists and mathematicians like Mach 
and Pearson, and, at the end of the nineteenth, and in the early years 
of the twentieth century, phenomenalism began to have a certain 
vogue. 

Yet not everyone carried it as far as Macli. For instance, in 1904 
tlie present writer pointed out that, while science by its own methods 
cannot escape from phenomenalism, yet metaphysics can fairly use 
the results of science as a valid argument for a form of realism.^ 

Science itself can only carry out its observations and make its 
measurements from impressions on our ordinary senses: 

Though, for instance, the galvanometer seems at first to supply us with a new 
electrical sense, on further thought we see thal it merely translates the unknown 
into a language our sense of sight can appreciate, as a spot of light moves over 
a scalc.2 

In modern phraseology, physical science can only deal with what 
are, or are equivalent to, pointer-readings, and the connections it 
traces, either experimentally or by mathematical deduction, are those 
between one pointer-reading and another. 

The.division of science into subjects is arbitrary; the different sub- 
jects are, as it were, sections through our conceptual model of nature 
— or rather, perhaps, plane diagrams from which our idea of a solid 
model is derived. One phenomenon may be regarded in different 
ways. A stick to the schoolboy is a long elastic rod; to the botanist 
it is a bundle of fibres and cell walls; to the chemist a collection of 
complex molecules; to the physicist, a swarm of nuclei and electrons. 
A nerve-impulse may be considered in a physical, a physiological or 
a psychological aspect, and none is more real than another. The idea 
that a mechanical explanation of every phenomenon is both possible 
and fundamental arose from the facts that mechanics happened to be 
the earliest of the physical sciences, and that its concepts, methods and 
conclusions are fairly intelligible to the ordinary man. Yet mechanics 
is no more fundamental than other sciences, indeed, even in 1904, 
matter was being resolved into electricity. 

* Recent Development of Physical Science, isifed. 1904, pp. 12 et seq. * Ibid, p. 14. 
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Thus the work of inductive science is to put together a conceptual 
model of nature, and science, by its own methods, cannot touch the 
problem of metaphysical reality. But the possibility of constructing 
a consistent model of phenomena is strong metaphysical evidence 
that an equally consistent reality underlies the phenomena, though, 
in its essence, it may be very different from our model of it, for, by the 
limitations of our faculties and the nature of our minds, the model 
must be conventional and not realistic. Though the age-long attempts 
to prove by verbal logic that the objects of sense and the pictures of 
science are illusory' have been shown to be fallacious, the crude 
realism, which believed that science, or even common sense, saw 
things as they actually are, is clearly untenable. But, as Campbell 
holds, the scientific idea of reality is dificrent from the metaphysical, 
and, for science, its own concepts are real enough. 

The controversy between realism and phenomenalism as formerly 
carried on involved some confusion between a perception and its 
object, as is shown by G. E. Moore in his Refuiation of Idealism.^ 
Moore insists on the truism that, when one perceives, one perceives 
something, and that what one does perceive cannot be the same as 
the perception of it. He also shows that this truism refutes most of the 
then current arguments for idealism. As Broad puts it: ‘'What we 
perceive exists and has the qualities that it is perceived to have. . . . 
The worst that can be said of it, is that it is not also real^ i.c. that it 
does not exist when it is not the object of someone’s perception, not 
that it does not exist at all.”'-^ The thing that one perceives may be 
a stick, which physicists, by regarding strictly from the analytical 
point of view, have resolved into electrons or wave-groups; but these 
physical concepts are not one’s perception of the stick. The long, 
elastic rod certainly exists while the schoolboy perceives it. Thus 
Moore and Broad lead us away by another road from the idealism 
of Hegel and the phenomenalism of Mach, not, it is true, back to the 
naive realism of common-sense and nineteenth century science, but 
to a more sophisticated form of realism, which accepts the existence 
of the objects perceived by the senses as they are perceived, and yet 
is consistent wdth the philosophy built on modern mathematics and 
physics. 

Bertrand Russell and A. N. Whitehead published their great work 
Principia Mathematica during the years 1910 to 1914, and in later books 
they developed further the view of nature which follows. Perhaps 

’ Philosophical Studies y London, 1922, p. i. 

‘ Perception, Physics and Reality, Cambridge, 1914, p. 3. 
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The Theory that view may be summarized in some such very shortened form as 
oj Knowledge ^his. Our knowledge of the physical world is only an abstraction. 

Wc can construct a model of that world, and trace the relations 
between its parts. By these methods we cannot reveal the intrinsic 
nature of reality ; but we can infer that something exists independently 
of our thoughts about it, and that, in some unknown way, the relations 
between its parts correspond with those of our model. 

This new realism traces its origin to Locke, who first appealed to 
psychology, and began enquiries into philosophic problems of limited 
scope. Modern realists also no longer start by assuming complete 
systems of philosophy and deducing from them special applications. 
Using mathematics, physics, biology, psychology, ethics— whatever 
comes to hand — they study isolated problems, and only slowly fit 
together their results as does inductive science. Thus in philosophy, 
as in science, the only test of validity is sclf-consistcncy. 

Mathematics To complete our account of recent contributions to the theory of 
and Nature knowledge as applied to science, we have to deal not only with 
induction, but with mathematical deduction also. How is it that 
mathematics has obtained its ideal abstractions of points, planes, 
particles and momentary configurations from the rough facts of 
mensuration and the mechanical arts, in which no such ideal things 
occur, and how can it apply the knowledge won by analysis from the 
abstractions to the elucidation of that rough world again, as it docs 
with such success in mathematical physics? 

This and other problems in the philosophy of natural science have 
been much advanced by A. N. Whitehead, especially by his ‘‘principle 
of extensive abstraction”.^ Some account of this work is here given, 
but those who arc not interested in the principles of mathematics can 
omit this section with no loss of continuity in the book. 

Science is not concerned with the inner nature of any of the terms 
used, but only with their mutual relations. It follows that any set of 
terms with a set of mutual relations is equivalent to any other set of 
terms with the same mutual relations. Irrational quantities like ^2 
and -^3 can be treated in mathematics as numbers, because they obey 
the same laws of addition and multiplication that integral numbers 
obey. Therefore, for these purposes they are numbers. 

Again, *^2 and -^3 are usually defined as the limits of the series of 
rationals whose squares are less than 2 or less than 3. But we cannot 
prove that these series have limits, and the definitions might stand 

' Principles of Natural Knowledge. Concept of Nature. For simplified account see Broad, 
Scientific Thought, pp. 39 et seg. * 
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for nothing at all. On the other hand, if we define ^J 2 and ^3, not 
as the limits of scries, but as these series themselves, we get quantities 
which contain unexpected internal structure, but yet certainly exist, 
and can be shown to bear to each other and to other mathematical 
quantities the same relations as do ^2 and -^3 as usually defined. The 
new definitions can therefore be substituted for the old ones. 

Whitehead showed that the principles first discovered for irrational 
mathematical quantities could be applied also to geometry and 
physics. For instance, there is an old difficulty about points. For 
some purposes it would be useful to define a point as the limit of 
a series of smaller and smaller concentric spheres, one inside the other. 
But volumes, however small, are always volumes, and this definition 
conflicts with that needed for other purposes, which describes a point 
as having position but no magnitude. 

If we define a point, not as the limit of a series of volumes, but as 
that scries itself, the point so defined being what would usually be called 
the centre of the system, we get quantities which may be shown to 
bear to each other the same relations that points do when defined 
in either of the two older ways. Thus the discrepancy of definition is 
evaded, and the complex internal structure which these new points 
possess does not matter, because science is concerned not with inner 
structure, but with outer mutual relations. 

In this way Whitehead showed the connection between what can 
be perceived but cannot be used mathematically, such as actual 
volumes, rods or particles, and what can be dealt with mathematically 
but cannot be perceived, such as points without volume and lines with 
no breadth, in terms of which geometry and physics must be expressed. 

Such considerations remind us of the long-established methods of 
thermodynamics, in which the internal structure and changes of a 
system are treated as irrelevant, and indeed are so. Account is only 
taken of the heat and other forms of energy which enter and leave the 
system. Molecular theory gives one description of the inner nature 
of the system, but thermodynamics has nothing to say for or against 
that description. If another theory could be devised to give the same 
external relations, for thermodynamics it would do just as well. 
A good example is seen in the theory of solution.^ 

Van’t Hoff proved thermodynamically that the osmotic pressure 
of solutions must have the same value and obey the same physical 
laws as the ordinary pressure of gases, whereupon many physical 
chemists assumed that van T Hoff’s theory required that the caus(‘ of 

^ Sec above, p. 247. 
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the pressure should be the same, namely, the bombardment of mole- 
cules. The thermodynamic relation was of course consistent with any 
“cause” — with chemical affinity or with molecular bombardment. 

In the most recently opened field of physical research, to take 
another example, the mathematics of Heisenberg are equivalent to 
those of Schrodinger, although the former approaches atomic structure 
from the electrons and energy-levels of Bohr while discarding his 
electronic orbits, and the latter has formulated them on the funda- 
mental ideas of wave-mechanics. Here two views of the inner nature 
of atoms are expressed in similar mathematical equations, and, for 
the ultimate purposes of science, are identical, though they arise from 
different physical conceptions. 

The philosophic lesson which these results inculcate is that, while we 
must accept provisionally and with caution the mental models which 
arc made from time to time to represent the relaia, the quantities 
between which physical relations hold, wc can use freely and feel 
growing confidence in the ever-increasing knowledge of those relations 
w'hich science gives us. That knowledge is an aff air of probability, but 
the odds in favour of much of it arc very high, and, for the most part, 
rising rapidly. It is quite good enough to act upon; the truth of the 
relations does not depend on the reality of the relata. 

Towards the close of the nineteenth century, Newton’s hard, massy 
particles, which, as nineteenth-century atoms, bore to Clerk Maxwell 
the stamp of manufactured goods, had shown signs of failure to 
account for the facts. Kelvin’s vortex atoms and Larmor’s centres of 
aethereal strain were attempts to express in more fundamental terms 
what had hitherto been regarded as ultimate scientific concepts. 

Maxwell’s proof that light is electro-magnetic radiation fore- 
shadowed the end of the elastic solid theory of a luminiferous aether, 
and the identification of J. J. Thomson’s corpuscles with the electrons 
of Lorentz and Larmor similarly turned matter into electricity. 
Indubitably the world became less intelligible. Men had thought that 
they knew what was meant by massive atoms and transverse waves 
in the aether of space : they had to confess that they knew little about 
the intrinsic nature of electricity or the meaning of electro-niagnetic 
undulations. 

During the next stage, electrons and protons were used with in- 
creasing success in new physical theories. We grew so accustomed to 
handling them in thought that they became familiar ideas, till Bohr 
and Sommerfeld almost persuaded us that their wonderful atomic 
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models represented physical, though not of course metaphysical, 
reality. Before they had quite done so, their theory broke down, while 
Heisenberg’s work showed how much unverified assumption underlay 
the idea of planetary electrons, and that we had been carrying over 
into atomic physics the preconceptions of Newtonian astronomy. All 
that we really know about atoms concerns what goes into them 
or what comes out. They are to us mere sources and absorbers of 
radiation, and we can only detect and study them at their moments 
of discontinuous emission of energy. For us they are radiation, and 
that is all about it. From another angle, de Broglie and Schrodinger 
also resolved them or their parts into systems of waves by a process 
mathematically equivalent to that of Heisenberg, and the waves may 
be merely alternations of probability. 

We must not, however, forget the lessons of history. Thermo- 
dynamics dispensed with atomic conceptions, and Ostwald finally 
proposed to discard such conceptions in favour of energetics shortly 
before the new physics began to use atomic ideas in an extreme form. 

It is possible that we may some day get new evidence on the problem 
of the structure of the atom. But there are indications that we arc 
approaching the limit of physical models of nature. For the time the 
new quantum mechanics hold the field, and we have to leave our 
explanation of the phenomena in the form of mathematical equations. 

On the old idea of substance, matter was resolved into molecules . 
and atoms, and then atoms were analysed into protons and electrons. 
These in turn have now been dissolved into sources of radiation or 
into wave-groups : into a mere set of events which proceed outward 
from a centre. About what exists at the centre, or about the medium 
which carries the waves (if indeed wave-equations connote waves in 
a medium), wc know nothing. Moreover, there seems a fundamental 
limit to the accuracy of possible knowledge about these wave-systems 
which constitute electrons. If, from the equations, we calculate the 
exact position of an electron, its velocity becomes uncertain. If we 
calculate its exact velocity, we cannot specify its position accurately. 
This uncertainty is connected with the relation between the size of 
the electron and the wave-length of the light by which it might be 
observed. With long wave-lengths, no exact definition can be obtained. 
When the wave-length is decreased enough to give definition, the 
radiation knocks the electron out of its position. There seems here an 
ultimate impossibility of exact knowledge, a fundamental indeter- 
minacy behind which wc cannot go. It looks as though the final 
limits of human knowledge were near. 
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Similar results have been reached by way of the doctrine of 
Relativity. To the philosopher of old, matter was in essence something 
extended in space which persisted through time. But space and time 
are now relative to the observer, and tlicre is no one cosmic space or 
cosmic time. Instead of persistent lumps of matter or electrons in 
a three-dimensional space, we have a scries of “events” in a four- 
dimensional space-time, events, some of which seem to be connected 
so as to present an air of persistence as does a wave on the sea or 
a musical note. Forces at a distance, especially gravitational forces, 
and the need of “explaining” them, have alike gone. There arc only 
differential relations which connect together neighbouring events in 
space-time. Physical reality is reduced to a set of Hamiltonian 
equations. The old materialism is dead, and even the electrons, which 
for a time replaced particles of matter, have become but disembodied 
ghosts, mere wave-forms. They are not even waves in our familiar 
space, or in Maxwell’s aether, but in a four-dimensional space-time, 
or in a scheme of probability, which our minds cannot picture in 
comprehensible terms. 

Moreover, even as disembodied ghosts, their careers are short. The 
only known cause which will explain the vast output of radiant energy 
from the Sun and other stars is the mutual annihilation of protons and 
electrons or the transmutation of hydrogen into other atoms. 'The 
matter of our Earth may consist of dead ashes, but in stars and inter- 
stellar space such changes may occur, and some of the substance of 
the Universe be passing into radiation. Thus matter, which seemed 
so familiar, resistant and eternal, has become incredibly complex; it is 
scattered as minute electrons or other kinds of “ particles ” in space or 
round the nuclei of atoms, or as wave-groups which somehow pervade 
the whole of them, and, moreover, are vanishing into radiation, even 
from our Sun alone at the rate of 250 million tons a minute. 

The problem whether or no man is a machine was discussed from 
the modern biological point of view in Chapter ix. Some biologists 
still hold that the activities of life arc not completely explicable in 
terms of mechanics, physics and chemistry, but show a co-ordina- 
tion or integration of functions special to the living organism. The 
mechanists retort by pointing out that one region after another 
of physiology and psychology is annexed by bio-physics and bio- 
chemistry, and that there seems no limit to this process. Yet a third 
opinion accepts physical and chemical mechanism as a necessary 
assumption for scientific advance in knowledge, but either merges 
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neo-vitalist teleology in a wider, universal teleology, or takes a sub- 
jectionist view of the problem, regarding physics, biology and psy- 
chology as different aspects from which the whole being of man must 
be viewed according to the immediate question at issue. 

From the historical standpoint, we have seen vitalism and mechanism 
alternating with each other, even from the days of the Greek philo- 
sophers. But, though no conclusion has been reached, wc have now 
more evidence than ever before on the true nature of the problem; 
if wc cannot solve it, we may at least formulate it more clearly. 

As Ritchie says,^ life is curiously conditioned by its physical en- 
vironment, and yet in some respects is independent of the environment 
and unlike anything not living. The first thing a reasonable man 
must do is to be content with ^ very little knowledge and a very great 
deal of ignorance: 

It is natural for anybody of a sanguine temperament who is impressed by the 
dependence of life on physical circumstances. . .to think that he is only a short way 
from the solution of every problem. He thinks he is delivering a final assault on 
the ver\’ citadel of Life itself; then, when the heat of the combat is over and he can 
look round at what he has accomplished, he finds that it is only an insignificant 
and almosi undefended out-work that he has taken, and the citadel is as far off 
as ever. 


Nevertheless, as Ritchie goes on to explain, “the important point 
is that the ‘mechanical ' method gives us some knowledge and in fact 
gives us nearly all wc have”. For successful research in physiology, 
perhaps even in psychology, it is necessary to assume that the next 
problems can be attacked by mechanical, physical or chemical 
methods, though that assumption need not prejudice our view of the 
whole philosophic, or even of the biological question. The neo-vitalist 
can still claim that the processes of life are controlled so as to secure 
the maintenance or reproduction of the normal state for each organism 
in a way beyond the power of physics or chemistry. Others, such as 
Professor J. S. Haldane, can still argue that, while mechanism is 
inadequate as a complete explanation, the control emphasized by 
the vitalist is a consequence of a mechanicixl environment. Thus 
mechanism and vitalism both fail. But the inner nature of reality 
involves an integration or co-ordination, especially manifested in 
living beings. 2 The idea of adaptation, used so fruitfully by Claude 
Bernard and his followers, may prove as fundamental in physiology 
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as are the principles of conservation of matter and energy in physical 
chemistry.' 

Turning from biology to physical science, we find a quite new light 
recently thrown on the old problem of determinism. Philosophic 
determinism, which was re-built in modern times on Newton’s work, 
and was so strong in eighteenth- and nineteenth-century thought, 
gains less support from physics nowadays. The old laws of science, 
about which so much was said, prove to be either truisms inserted by 
ourselves into our model of nature, or statements of probability; the 
most a man of science can do, even in that part of his subject which 
deals either with large-scale or with statistical phenomena, is to bet 
long odds on his predictions being verified, while he cannot foretell 
the action of single atoms or quanta. 

Accepting the well-known laws as expressions of probable tendencies, 
they are found to be concerned, not with individual molecules, atoms 
or electrons, but with statistical averages only. If we heat a gas 
through one degree, we know by how much the average energy of 
large numbers of molecules will be increased. But the energy of any 
one molecule depends on chance collisions, which at present are not 
calculable. We can predict how many atoms in a milligramme of radium 
will disintegrate in a minute, and it is very probable that our predic- 
tion will be verified within narrow limits of error. But we cannot tell 
when any one individual atom will explode. We know how many 
electrons will emit a quantum of energy at a given temperature, but 
not when any one electron will fall into a new orbit and therefore 
radiate. It is possible that at some future time a new theory of 
mechanics may be developed, and individual molecules, atoms and 
electrons become determinate. But as yet there is no sign of such 
a theory. 

Indeed, present tendencies point the other way. The principle of 
indeterminacy seems to introduce a new kind of incalculability into 
nature. The uncertainties hitherto described might possibly be due to 
ignorance, and might pass into determinism again as knowledge 
increased. It is dangerous to build on them a philosophy of free-will. 
But, as Eddington has pointed out, the work of Schrodingcr and Bohr 
indicates that there is an uncertainty in the nature of things. The 
alternative uncertainties that, if we try to calculate the position of an 
electron, its velocity becomes incalculable, and if we wish to determine 
its velocity its position becomes indeterminate, have been thought by 
some to indicate that, in ultimate analysis, the scientific argument for 
* C. Lovatt Evans, Brit. 45 soc. Rep. 1928, p. 163. 
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determinism breaks down. But others hold that this indeterminacy 
merely expresses the inadequacy of our system of measurements to 
deal with problems outside the realm of physics. 

It is impossible to miss the analogy of the first kind of these un- 
certainties with those which beset the study of living organisms. We 
can predict, within narrow limits, how many infants will die in 
England in a year, or the expectation of life for a man of a given age. 
But we cannot foretell whether one particular baby will live or die, 
or when a certain insurance policy will become payable. Here loo, 
increased knowledge and skill may conceivably give us new powers 
of prophecy some day, but again, there is no sign of it yet. 

It must not be forgotten that, for effective freedom of will, nature 
must be orderly. No condition is so servile as that of him who is 
subject to a capricious and incalculable tyrant. To be masters of our 
lives, we must be able to steer our course over well-charted seas, as 
well as have power to control the rudder. According to present know- 
ledge, mankind may be statistically the slaves of fate, but for the 
individual the mechanism to which he is subject may be orderly 
though undetermined, and there may still be room for free-will. It 
is possible that future investigation may show that this result is 
premature and inconsistent with wider knowledge, just as further 
work in quantum mechanics may determine the lives of individual 
atoms. The next stage in the evolution of science may be another 
swing towards a mechanical philosophy. But, for the time, at all 
events, the analogy from physics, for what it is worth, points in the 
other direction. 

This problem is closely connected with the old controversy about 
mind and matter. Till the seventeenth century it was universally 
assumed that man’s soul was material, of the same nature as a gas. 
But Descartes drew the distinction between mind and matter which 
has lasted till our owm day, and has assumed the form of psycho- 
physical parallelism. To avoid Descartes’ dualism, two ways seemed 
open. The materialists took matter as the sole reality, and held mind 
to be an illusion. The idealists or mentalists believed with Berkeley 
that mind was real and matter an illusion. In the work of pheno- 
menalists such as Hume and Mach, a new view^ appears — that the 
concepts of mind and matter are different ways of looking at our 
picture of nature, or, as perhaps we may better say, different plane 
diagrams from which science constructs a solid model of nature. 
These ideas have been developed into what is called 'Ticutral monism” 
by many recent philosophers from William James to Bertrand, Earl 
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Russell. According to this theory, mind and matter are both com- 
posed of something more primitive, which is neither mental nor 
material. 

While we know nothing of the intrinsic nature of the reality (if any) 
for which our model of the physical world stands, we do know some- 
thing about the intrinsic nature of the mental world, and, as far as 
direct knowledge goes, the mental world is the more real. Physics 
cannot show that the intrinsic nature of the physical world differs 
from that of the mental world: mental and physical events may well 
form one causal whole. 

That they are connected is certain. Neurology and experimental 
psychology show the joint physical and mental concomitants of 
nervous action; bio-chemistry has proved that secretion from the 
ductless glands may change the mental character of a man. Adrenalin 
when injected produces the physical symptoms of fear, though we have 
Lord Russell’s experimental testimony that the mental emotion of fear 
does not necessarily accompany those symptoms.^ But these obvious 
connections between the mental and physical worlds do not disclose 
the ultimate nature of either. 

In comparing the two we recognize that physics, at all events, can 
only give us a knowledge of relations and conceptual relata for them 
to connect, and such knowledge can only be acquired by and exist in 
mind. In this sense, mind is certainly more real than matter, and 
may be more real than mechanism, since determinate mechanism 
seems now only to hold good in those macroscopic phenomena which 
depend on the statistical average action of multitudes of units, and to 
fail when the ultra-microscopic detail of individual atoms, electrons 
and quanta are considered. 

When light from a star reaches our eyes, it is the end of a long train 
of events which can be traced by physics. But the sensation of sight 
is the only event in the whole series about which we can say anything 
not purely abstract and mathematical. A blind man might know all 
physics, but never the sensation of seeing. A knowledge that things 
are pleasant or unpleasant is not physics. Hence it is clear that there 
is knowledge which is not included in physical science — a knowledge 
of our own mental sensations. 

And of these sensations one of the most vivid and most persistent 
is that of volition and free-will. Hitherto the strongest argument 
against its validity has been the mechanical determinism which 
seemed to some to follow inevitably from physical science. But 

» Outline of Philosophy^ London, no date, p. 226. 
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Eddington holds that if philosophic determinism is still to be defended, 
it must now be on metaphysical evidence. Its advocates can no 
longer call science to witness in its favour. Scientific determinism has 
broken down, and broken down in the very citadel of its power — the 
inner structure of the atom.^ 

It is not yet time for men of science to investigate possible modes of 
action by which conscious will might control matter. But philosophers 
may well speculate on such questions. Eddington points out that 
volition might control the undetermined quantum jumps of a few 
atoms, possibly of a single atom, and thus by a nervous impulse 
switch the material world from one course to another. This he regards 
as improbable, and he prefers to suggest that the mind may act by 
changing the conditions of probability of a crowd of undetermined 
atoms. He says: 

I do not wish to minimize the seriousness of admitting this difference between 
living and dead matter. But I think that the difficulty has been eased a little, if it 
has not been removed. To leave the atom constituted as it was, but to interfere 
with the probability of its undetermined behaviour, does not seem quite so drastic 
an interference with natural law as other modes of mental interference that have 
been suggested. 

The suggestions of Eddington must be treated with all respect. 
But it is, of course, obvious that the problem of the mechanism of the 
connection between mind and brain is one of surpassing difficulty, 
and it would be rash to pin one’s faith to any guess, however shrewd, 
at its solution. For the time, it may be better to leave this problem 
in its earlier form. Experience comprises many aspects: physical 
science is one of them; psychology is another; and psychology must 
recognize as part of its data aesthetic, moral and religious emotion. 

Science makes abstractions from the world of phenomena, and 
formulates concepts which contain in themselves logical implications. 
Thus, between the concept and all possible valid deductions there is 
an unbreakable chain. Scientific determinism, therefore, is due to the 
fact that science is a process of abstraction.^ Mechanics, for example, 
frames abstract concepts — space, time, matter — from the ideas called 
up by sensations, and on them builds up a logical, deterministic 
scheme from which there can only emerge abstractions of the same 
nature as those put in. From the point of view of mechanics, nature 
is inevitably mechanical, and, from the point of view of any abstract 

' Eddington, loc. cit. 

® Compare R. G. CoUingwood, Speculum Mentis^ Oxford, 1924, p. 166, and Whitehead, 
loc, cit. 
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and logical science, it is deterministic. But there are other points of 
view, which exact science cannot reach. 

Again, the question is bound up with that of causation. If causa- 
tion is held to be a priori, a necessity of thought, its validity does not 
depend on science, and science is not responsible for its consequences. 
If, on the other hand, causation is held to be proved empirically, its 
law has only been verified in certain cases. Though in other cases 
there is no positive evidence against it, neither is there proof of its 
universality, and wc are not justified in concluding that it must 
necessarily control human volitions which are very different from the 
phenomena in which it has perhaps been proved to hold.^ 

Much of the repugnance felt to determinism, according to Russell, 
is due to inadequate analysis, which leads to confusion between the 
impersonal causation, which is all science suggests, and the idea of 
human volition. We should hate to feci that we were compelled to act 
by an alien power against our will; but as our will, even on the 
deterniinist theory, is in agreement with the causes of our actions, this 
can never happen. As Russell says:^ “Freedom, in short, in any 
valuable sense, demands only that our volitions shall be, as they are, 
the result of our own desires, not of an outside force compelling us to 
will what wc would rather not will. . . .Free-will, therefore, is true in 
the only form which is important.” 

Another development of philosophic thought which involves this 
same question must now be considered. The usual method of natural 
science is that of analysis in a search for simplicity. Psychologists try 
to analyse and express their results in terms of physiological causes, 
physiologists in those of physics and chemistry. Physicists in turn 
dissect matter into atoms and electrons, and there they have now 
been brought up against the failure of all mechanical models, and 
a principle, apparently fundamental, of uncertainty. Perhaps they 
may once more form a successful model of the atom, but in the end 
the construction of models must prove impossible, and ultimate 
physical concepts be left in terms of mathematical equations. 

But physics is not the only science, and science itself is not the only 
mode of experience. Biology, it is true, comprises analytic physiology, 
which reduces what it can to chemical and physical terms, but it deals 
also with natural history, in which living organisms are viewed as 
wholes. Psychology is concerned not only with the experimental 
analysis of sensations and feelings, but with the inner consciousness 

* See Bertrand Russell, Our Knowledge of the E)(ternal World, p. 236. 

Ibid. p. 239. ^ 
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of mind and of integral personality. The synthetic method of approach 
to reality may be as valid as the analytic. Such reasons have led 
Whitehead to insist that a further stage of provisional realism is 
required, in which the scientific scheme is recast and founded upon 
the ultimate concept of organism.* 

The seventeenth century discovered that the world could be repre- 
sented with amazing success as a series of instantaneous configurations 
of matter, which determined their own changes and thus formed a 
logically closed circle, a complete mechanistic system. Idealistic 
minds from Berkeley to Bergson have revolted against this system, 
and, not understanding the real issue, usually got the worst of the 
controversy. There is an error, but not where it has generally been 
imagined to be. It is rt'ally the error that has been pointed out so 
often in this book, the error of mistaking for concrete reality the 
alistractions inherently necessary for science, the error which White- 
head calls the Fallacy of Misplaced Concreteness. Abstractions are 
necessary for analysis, but (hey involve the ignoring of the rest of 
nature and of experience, from which the abstractions are made. 
Thus they give an incomplete picture even of science, and a still more 
incomplete one of the whole of existence. The doctrine of deter- 
ministic mechanism only applies to very abstract entities, the product 
of logical analysis. The concrete enduring entities of the world are 
complete organisms, so that the structure of the whole influences the 
character of the parts. An atom may behave dilfercntly when it forms 
part of a man; its conditions arc determined by the nature ol the man 
as m organism. Mental states enter into the structure of the total 
organism, and thus modify the plans of the subordinate parts right 
down to the electrons. An electron blindly runs, but within the body 
it blindly runs as conditioned by tlie whole plan of the body, including 
the mental state. We may strengthen this argument by pointing out 
that an electron within an atom is conditioned by the structure ol the 
atom as a whole, and is very ditlcrent Irom an electron outside 
travelling through “empty ” space. Thus Whitehead replaces scientific 
determinism by an alternative doctrine of organism. He approaches 
the problem from the side opposite to that taken by Eddington, who, 
as we have seen, attacks determinism from a basis of atoms, electrons 
and quanta — the ultimate products of physical analysis. Whitehead 
argues that analysis, by its essence, is misleading in philosophic 
questions, and founds his doctrine on the synthetic concept of the 
complete organism. His ultimate appeal is to naive experience, which 
> A. N. Whitehead, Science and the Modem World, Cambridge, 1927, p. 80. 
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tells us “ that we are within a world of colours, sounds and other sense 
objects, related in space and time to enduring objects such as stones, 
trees and human bodies. We seem to be ourselves elements of this 
world in the same sense as are the other things which we perceive”. 
Thus by the light of the new realism, which he himself has done much 
to formulate, Whitehead takes much the same view as Moore and 
Broad, and seems to restore to us a scientific theory of the world 
of beauty and moral values, a theory which Burtt holds was taken 
from us by Galileo. For Whitehead, the ultimate unit of natural 
occurrence is the event, and, as with Bergson, the essence of reality 
is becomingj that is, it is a continual and active process, a creative 
evolution. 

In discussing the meaning of exact science, Eddington emphasizes 
the point that it is concerned only with the readings of some physical 
instrument. In calculating, for instance, the time taken by a body to 
slide down a hill, we put into our calculation pointer-readings like 
the mass of the body, the slope of the hill and the acceleration of 
gravity, and wc get out another pointer-reading — the position of a 
hand on the dial of our watch. Using this method, physics has con- 
structed a logically closed circle of knowledge, which contains only 
physical concepts connected with each other. In old terms matter 
and its configuration determined the forces, and the forces determined 
the future configuration. In modern terms the series runs: potential, 
interval, scale, matter, stress, potential . . . and so on for ever. The 
only way of escape from the circle is to recognize the undoubted fact 
that the concordance of the logical scheme with the actual world can 
only be tested by the action of the mind. Physics alone might trace 
a disturbance in its closed circle till it became the motion of matter 
in a brain, and might observe that motion objectively from without. 
But, if the brain disturbance is translated into consciousness, we touch 
reality. “There is no question about consciousness being real or not; 
consciousness is self-knowing, and the epithet ‘reaP-adds nothing to 
that.” 

Here we are brought back to the problem of the nature of the self 
or ego, considered in Chapters viii and ix. Is the self an entity existing 
before and independently of experience, as in the older philosophies, 
or is it a composite, secondary structure, put together by the very 
action of sensations, perceptions and other mental activities, as some 
modern psychologists hold? The question cannot be answered by 
general agreement, but perhaps it need not be answered. However 
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formed, the self is conscious, and in Eddington’s sense is self-knowing 
and therefore real. 

The ordinary equations of reversible physics say nothing about the 
direction in which motion takes place; the planets might go round the 
Sun the other way as far as formal dynamics can tell us. Again, it is 
only our consciousness which, in a reversible world, could enable us to 
distinguish between past and future. In the physical world, however, 
there is one criterion not involving consciousness. The physical world 
is non-reversible, and the second law of thermodynamics tells us that, 
in an irreversible system, the energy is continually becoming less 
available as time goes on, the entropy increasing. Is it possible that 
it is irreversible processes going on in our brains which produce in our 
minds the sense of the passage of time? 

This increase of entropy is analogous to shuffling a pack of cards, 
originally in order of numbers and suits, by a mechanical shuffler. 
The shuffling can never be undone, save by conscious sorting, or by 
the indescribably remote chance of the cards happening to fall into 
their original order again. If the number of cards were much larger, 
the process of shuffling would need a long time. The stage of shuffling 
reached would then be a measure of the time, and, since the process 
is irreversible, it would also serve as a pointer giving its direction. If, 
on examination, the shuffling is found to be becoming more perfect, 
time is going forward ; if the cards are of themselves getting into order, 
we must be tracing time backward. 

And so, in the physical world, entropy, as Eddington says, is time’s 
arrow. If temperature inequalities are decreasing, energy becoming 
dissipated and less available, entropy increasing, the process of time 
is positive : we are moving towards the future. If, in our equations, 
we find that entropy is diminishing and energy becoming more 
available, we should know that we were tracing a process backward 
from its end towards its beginning. 

The kinetic theory of gases enables us to translate into molecular 
terms the process by which entropy increases. If we began with two 
vessels with an equal number of molecules in each, one vessel being 
hot and the other cold, the average energy and velocity of the mole- 
cules in the first would be greater than in the second. If the vessels 
were put into communication, molecular collisions would equalize 
the average molecular energies, till the distribution of velocities was 
that of the law discovered by Maxwell and Boltzmann. This repre- 
sents the final state, and can only be undone by conscious action, such 
as that imagined to be carried on by Maxwell’s daemon, or by the 
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almost incredibly unlikely chance that all fast-moving molecules 
should happen to be in one vessel together. In infinite time, however, 
this unlikely chance might possibly occasionally occur, unless, as 
indeed is more likely, something else less improbable happened first 
to upset tlic whole system. 

Once the Earth has been dethroned from its central position in 
space and the stars have been recognized as distant Suns, a mere 
increase in our estimates of size is of little real human importance. 
Moreover, the problems of cosmogony are those of science and not 
those of philosophy. Yet the mind is naturally impressed by the 
immense advances in knowledge which have been made in astro- 
physics, and it may be worth while here to recapitulate some of the 
results which have been reached. 

Our galaxy contains some thousands of millions of stars, and light 
would take perhaps 300,000 years to Hash between those farthest from 
each other. Across the vast gulfs of space that lie beyond our stellar 
system are millions of spiral nebulae — new galaxies of stars in the 
making, some so distant that their light travels for about 140 million 
years to reach our eyes. 

Yet space, boundless to Newton, now seems to be finite, curved by 
the presence of scattered matter. If light travels outwards for some 
thousands of millions of years, it may return to its starting-point. 

Men became men perhaps some millions of years ago. The age of 
the Earth may be some thousands of millions of years. The Sun and 
stars, with internal temperatures of tens of millions of degrees, may 
have radiated energy for thousands or millions of millions of years. 

Our ninety chemical elements might be destroyed by the heat 
within the stars. Unknown radio-active atoms may there exist, and 
by their disintegration, by the clash of protons and electrons, or by 
other transmutations, matter may pass into radiation, and supply the 
energy for stellar lives. Terrestrial atoms, of which the Earth and our 
bodies are made, may be but dead, inert ash, a bye-product of this 
cosmic process. 

The nebular hypothesis has been shown to be competent to explain 
the formation of gigantic galaxies of stars, though it fails to account 
for the birth of our modest solar system. For the origin of our system 
we must look to some rare occurrence, such as tidal waves on two 
bodies which chance to pass near each other in the liquid or gaseous 
state. Thus the conditions necessary for life as we know it may be 
rare if not unique in the present Universe. Life, it seems, may be 
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regarded either as a negligible accident in a bye-product of the cosmic 
process, or as the supreme manifestation of the high effort of creative 
evolution, for which the Earth alone, in the chances of time and space, 
has given a fitting home. Science can frame these alternative appre- 
ciations of the position, but, in its present state at all events, it cannot 
decide between them. 

And what of the future of the Universe? Kelvin’s principle of 
dissipation of energy, Clausius’ increase of entropy towards a maxi- 
mum, suggested a final, dead state of equilibrium, in which heat is 
uniformly diffused, and matter for ever at rest. Recent views modify 
the details, but leave the result unchanged. Active matter passes into 
radiation which will finally wander through a space far too vast to 
become saturated with radiation and precipitate matter again. Jeans 
calculates that the chance against a single active atom surviving is 
jq 420 ,ooo,ooo,ooo scems that the Universe is running down 

into uniformly distributed radiation. 

Ihit, if it is still running down, it must at some definite time liave 
been wound up; it cannot have been going for ever, or it would have 
reached the final state of cciuilibrium. Jeans says: 

Everytliing points with overwhelming force to a definite event, or scric,s of events, 
of creation at some tinK* or times, noi infinitely remote, 'hhc universe cannot liavc 
originated by chance out of ils present ingicdienls, and neither can it have been 
always the same as now. For in either of these events no atoms would be left savt^ 
such as are incafiable of dissolving into radiation; there would he neither sunlight 
nor starlight but only a cool glow of radiation uniformly diffused through space. 
This is, indeed, so far as present-day science can sec, the final end towards which 
all creation moves, and at w'hich it must at long last arrive.* 

To .some minds, the final death of the Universe is an intolerable 
thought. It is perhaps unlikely that the Universe will be kept alive 
to please them, but (of natural means) tliere seems one possible way 
out of its final destruction, suggested by Haldane and Sterne. If 
infinite time is available, all unlikely things may happen. Chance 
concentrations of molecules might reverse the action of random 
shuffling, and undo the deadly work of the second law of thermo- 
dynamics. Chance concentrations of radiant energy might saturate 
a part of space, and new matter, perhaps one of our spiral nebulae, 
crystallize out. Are we and all our myriad stars perchance one of such 
accidental happenings? 

However fantastically great Jeans’ probability against it, infinity 
is greater. However long it is necessary to wait for a chance to happen, 
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eternity is longer. It is possible that one of the incredible chances 
which may happen in infinite time, a new “fortuitous concourse of 
atoms”, may explain the modus operandi of past creation, and again 
bring about a new beginning when the present Universe has passed, 
apparently for ever, into a “cool glow of radiation”. 

We cannot say that this is probable, for we are treading on or 
beyond the limits of knowledge. Indeed, as with a swarm of molecules, 
it is more likely that some other chance would intervene, and prevent 
such an improbable contingency from coming to pass. All such 
suggestions are but random speculation. 

In earlier parts of this book we traced the change in philosophic 
outlook from the naive realism of nineteenth-century physics to the 
sensationalism of Mach and Karl Pearson, which held that science 
gave only a conceptual model of phenomena, and so, through more 
recent history, to the mathematical semi-realism of Russell and 
Whitehead. 

During recent years, following this historical development, a philo- 
sophy ultimately derived from Hume and Kant has been revived and 
applied to modern science, especially to that part of science which 
can be formulated mathematically as physical theory,^ but many of 
those who study other branches of science and their history are not 
convinced that this philosophy is on the right road,^ some contending 
for systematized common sense.^ 

The fundamental principles of'physical science have been pro- 
foundly modified by relativity and quantum theory. In 1930 episte- 
mology or the theory of knowledge might have been (and generally 
was) based on the supposed nature of the physical universe, while in 
1939 Eddington argued that it is better conversely to found our 
concepts of the universe on the theory of physical knowledge. For 
developing modern theories of matter and radiation, a definite episte- 
mological outlook is desirable; in the search for knowledge it is helpful 
to understand the nature of the knowledge we seek. But others hold 
that this procedure is merely a return to the a priori methods of Greeks 
and Mediaevalists.^ 

The sources of knowledge are our sensations and the changes in 
consciousness which they evoke. Simple awareness is not only sentient 
but may be a means of acquiring single items of knowledge. But 


* Sir Arthur Eddington, Philosophy of Physical Science^ Cambridge, 1939. 

* H. Miller, “Philosophy of scienM”, Isis, vol. xxx, 1939, p. 52. 

* W. S. Merrill, The New Scholasticism, vol. xvii, 1943, p. 79. 



ITS OUTLOOK 


491 

consciousness is a whole, and, though it can, if we wish, be analysed Science, 
into parts, this whole indicates a picture or structure. and^Migion 

Evidence accumulates that similar structures appear in the con- 
sciousness of other people, and this is a sign that an original structure 
exists in a realm outside the individual consciousness. Thus the 
synthesis is transferred to an external world, where the pieces of the 
puzzle stand ready to be fitted together by physical science; but it is 
only lately that physical theory has become in form, as well as in fact, 
a theory of mathematical group-structure.* 

According to the new views, there is a philosophy implicit in the 
method by which advances in science are made. The method accepts 
observation as the final court of appeal, but also takes account of 
quantities which exist but cannot be observed, such as aether velocity 
in the Michelson-Morley experiment, or its modern equivalent distant 
simultaneity in the theory of relativity, and the uncertainty in position 
or velocity of electrons in Heisenberg’s quantum wave-mechanics. 

Even if we take empirical observation as the sole basis of physical 
knowledge, we thereby select subjectively the kind of knowledge to 
be admitted as physical; the Universe so discovered cannot be wholly 
objective. Epistemological science investigates the meaning of know- 
ledge instead of a supposed entity, the external world, and its symbols 
stand for elements of knowledge. We thus reach a selective subjecti- 
vism, in which the laws and constants of nature are wholly subjective. 

But what do we really observe? The old physics assumed that we 
observed directly real things. Relativity theory says we observe 
“relations”, and these must be relations between physical concepts, 
which are subjective. According to quantum theory we only observe 
probabilities; future probabilities can be determined, but future 
observational knowledge is essentially indeterministic, though the 
betting in favour of a particular happening may be so high that it 
becomes a practical certainty. But science cannot make any pre- 
diction about future happenings without an appeal to the laws of 
chance. 

The regularities of science may be put into it by our procedure of 
observation or experiment. White light is an irregular disturbance, 
into which regularity is introduced by our examination with prism 
or grating; an atom can only be examined by gross interference which 
must disturb its normal structure; Rutherford may have created the 
nucleus he thought he was discovering. Substance vanishes, and we 
come to form, in quantum, waves, and in relativity, curvature. The 

' Eddington, loc. ciL p. 209. 
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form or pattern of the picture of nature we arc accustomed to is the 
one we most easily accept for new ideas, and because they are taken 
into it they become “laws of nature” — subjective laws which have 
grown out of the subjective aspect of physical knowledge. Thus the 
epistemological method leads us to study the nature of the accepted 
frame of thought. We can predict a priori certain characteristics which 
any knowledge must have, merely because it is in the frame, though 
physicists may rediscover its characteristics a posteriori. 

And so with the mathematics we use — they are not in our scheme 
of physics till we put them there. The success of the operations 
whereby mathematics can be introduced depends on the extent to 
which our experiences can be related to each other. Mathematically 
the process needed is contained in what is called the llicory of 
Groups and Group Structure. 

The ultra-microscopic laws of atomic structure (now merged in 
quantum wave-mechanics) converge towards the molar laws of 
classical physics (now expressed in relativity) as the number of 
particles becomes large, and has to be dealt with statistically; the 
ultra-microscopic laws ideally cover the whole of physics and give 
a frame for our knowledge in atomic terms. 

Miller holds that if any form of subjective philosophy prospers, it 
will weaken and finally destroy observational science. In its passage 
during two thousand years from rationalism to empiricism, science 
has passed through three stages. Greek science sought to reach 
definitions by way of intellectual or rational insight. It believed the 
definitions to describe a universal form or structure, and was tran- 
scendental because it regarded this structure as something else than 
the changing actualities of particular occurrence. Science in the 
seventeenth, eighteenth, and early nineteenth centuries, dropped the 
Greek transcendentalism, retained universality, and modified the 
rationalism, allowing no discrepancy between theory and particular 
fact. Darwin and Lyell discredited the idea of universal, immutable 
natural laws by a demonstration of the variability of organic species, 
thus introducing an evolutionary historical analysis, and, it is said, 
reaching a truly empirical science. It is this which empiricists oppose 
to the recently revived epistemological philosophies. But physical 
theory has been little affected by evolutionary conceptions, and thus 
still gives an opportunity for epistemological methods. 


When the last section in the first edition of this book was written, 
it appeared that the greatest danger to science was the growth of 
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such movements as popular anti-evolutionary “fundamentalism’’ in 
the United States. But a greater danger has appeared. Between the 
rise and fall of Nazi power in Germany, the freedom of science to 
pursue the open search for knowledge, like other forms of freedom, 
was, in that country and in other lands under its control, destroyed 
by a rampant nationalism, which banished men like Einstein and 
Haber from prejudice of race, and used applied science and all other 
activities to further first secret military preparation and then open 
predatory warfare as the chief, almost the only, object; pure science, 
the search of knowledge for its own sake, was in abeyance. Unfortu- 
nately the idea that science is mainly concerned with economic de- 
velopment has spread to other lands and again freedom is in danger- 
Science is primarily a free sean h for pure knowledge, and if practical 
advantages follow, they are secondary, even if discovered by subsidized 
research. If free, pure science is neglected, applied science, sooner 
or later, will wither and die. 

I’he influence of relativity and quanta on the theory of j)hysics has 
been studied by P. W. Bridgmanh New experiments disclose new 
facts and require new physical concepts; these depend on the opera- 
tions by which they are discovered and examined; thus they are 
relative to the observer. Once this is realized, we need not fear the 
effcc'ts of future revolutions in thought like those produced by Ein- 
stein and Planck; we shall have no further need to alter our attitude 
towards nature. But we must learn that logic, mathematics and 
physical theory are only our inventions for formulating in compact 
and manageable form what we already know, and cannot achieve 
complete success. 

dlie history of science in its relations with philosophy and religion 
cannot but be helpful when we attempt to describe present conditions 
and to survey the future outlook. Indeed, it is doubtful whether an 
attempt to do so could be of much value without a preliminary 
historical study. Those working at specific problems have perhaps no 
need for history, but those who try to understand the deeper meaning 
of science itself, and its connection with other subjects of human 
thought and activity, must know something of the story of its 
development. 

The triumphs of science arc clear to all men. Its practical applica- 
tions in engineering, industry, medicine, aflect more and more the 
lives of modern nations. Its misuse in machines of destruction 

The Logic of Modern Physics, New York, 1928. The Nature of Physical Theory, Princeton, 
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threatens civilization with catastrophe should the world be foolish 
and wicked enough to allow another great war. Pure science is 
continually improving and extending our model of nature from the 
microcosm of the atom to the macrocosm of the visible Universe of 
spiral nebulae and galaxies of stars. The relations between the older 
parts of the model are ever becoming better known, and new parts 
are continually being added, added indeed so fast that there is no 
time for the adventurous builders to fit them into, or even on to, the 
older structure. When the pace slackens a little, the next generation,^ 
like the last, can co-ordinate and complete the work; the present 
generation is in too great a hurry to waste time in doing so. 

The men of the Middle Ages sought as the goal of philosophy and 
religion the attainment of a complete rational harmony of the under- 
standing, and, for the most part, felt that they had reached it in the 
Scholastic synthesis of Thomas Aquinas. The physics of Galileo and 
Newton upset this consistent scheme of knowledge; science took the 
attitude of a common-sense realism based on mechanics, and was 
used to support a mechanical, deterministic philosophy, while for 
daily life men still held an unshaken belief that they were self- 
determining organisms controlled by their own free-will. Many 
attempts to reconcile these conflicting views having failed, men were 
forced cither to choose the one and despise the other, or to accept 
both provisionally, while waiting for further enlightenment. 

Then, as we have seen in these pages, philosophers came to under- 
stand that science could only disclose certain aspects of reality, could 
only draw plane diagrams, sketches for a model of nature, and that 
it was by its own definitions, axioms and underlying assumptions that 
science was necessarily mechanical and deterministic. 

All this time science, though it had broken away from the synthesis 
of Scholasticism, was at least consistent with itself, indeed, as the 
pieces of the puzzle were fitted together, self-consistency had come to 
be regarded as the only test of validity. But now, temporarily perhaps 
but none the less clearly, the inconsistency which science introduced 
into the world of general thought has invaded, not indeed the super- 
structure, but the ultimate physical concepts underlying science 
itself. 

Physical research in recent years is in a peculiar state, or let us say, 
in a state unfamiliar since the seventeenth century. Its classical setting, 
in the dynamics of Newton and the electro-magnetism of Clerk Max- 
well, is still used and is still yielding results of great value. Yet in the 
most striking discoveries of to-day — those in the theory of atomic 
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structure — the classical laws have broken down, and we arc forced 
to accept the ideas of relativity and quanta. As Sir William Bragg 
said, we use the classical theory on Mondays, Wednesdays and 
Fridays, and the quantum theory on Tuesdays, Thursdays and 
Saturdays. For the time, at all events, consistency has gone by the 
board, and we take either set of ideas to get results, according to the 
subject in hand. This discrepancy probably always appears to some 
extent when a great intellectual revolution is being made, as for 
example when the ideas of Aristotle and Galileo strove for the 
mastery, but the present instance seems to illustrate the tendency in 
an extreme form. It may possibly even allow us to hold a third 
set of ideas on Sundays, for which Bragg omitted to provide a 
theory. 

Science must admit the psychological validity of religious experience. 
The mystical and direct apprehension of God is clearly to some men 
as real as their consciousness of personality or their perception of the 
external world. It is this sense of communion with the Divine, and 
the awe and worship which it evokes, that constitute religion — to 
most a vision seen only at moments of exaltation, but to the Saints an 
experience as normal, all-pervading and perpetual as the breath of 
life. It is not necessary, indeed it is impossible, to define what is 
meant by God; those who know Him will want no definition. 

Weak humanity needs imagery in which to clothe its vision, creates 
ritual, accepts dogma, theology, mythology if you will. Such systems 
may be true or false, but religion itself does not stand or fall with any 
set of doctrines. They are exposed to historical, philosophic or 
scientific criticism, and have often fared badly in the encounter. But 
true religion is a deeper thing — founded on the impregnable rock of 
direct experience. Some may be colour-blind, but others see the 
bright hues of sunrise. Some may have no religious sense, but others 
live and move and have their being in the transcendent glory 
of God. 

For most men dogma of some kind is necessary for religious life, 
and it is useless to ignore the fact, or try to establish new religions 
without a doctrinal framework. But, in the realm of doctrinal 
theology, from lime to time a clash has come with science, history or 
anthropology. The trouble is that “religion always mistakes what it 
says for what it means. And rationalism, so to speak, runs about after 
it pointing out that what it says is untrue”.^ Yet, even here, there is 
a slow approach going on between the different modes of thought. 

* R. G. Gollingwood, Speculum Mentu, p. 148. 
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Christian theology had to relinquish the belief in an immediate 
Second Coming, which seemed essential to the Apostolic Age. In 
later days, it had to accept the Copernican system, and abandon 
a whole presentation of dogma founded on a fixed and central Earth, 
with the Gates of Heaven just above the sky and the Abyss of Hell 
close beneath the ground. It had to accept evolution at the hands of 
Darwin, and to consent to trace the pedigree of men from apes instead 
of angels. When it realizes the implications of modern anthropology, 

‘ it may have to abandon other beliefs, which to some timid souls seem 
as necessary now as the doctrines of a central Earth and special acts 
of creation seemed to our forefathers. 

It is unfortunate that theology opposes each change when first it 
comes. As Whitehead says:* 

Religion will not regain its old power until it can face change in the saint* spirit 
as does science. Its principles may be eternal, but the expression of those principles 
requires continual development. . . . Religious thought dcvelopcs into an increasing 
accuracy of expression, disengaged from adventitious imagery, and the interaction 
between religion and science is one great factor in promoting this developmeiU. 

Science has been slower to move towards theology — indeed, for 
long it seemed to force philosophy into mechanical determinism. 
Moreover, nineteenth-century determinism, taking the prevalent ideas 
of the inevitable “progress” of mankind, showed a somewhat shallow 
optimism; but its twentieth-century counterpart is frankly pessimistic. 
Lord Russell says : - 

That man is the product of causes which had no prevision of the end they were 
achieving ; that his origin, his growth, his hopes and fears, his loves and his beliefs, 
arc but the outcome of accidental collocations of atoms; that no fire, no heioism, 
no intensity of thought and feeling can preserve an individual life beyond the 
grave; that all the labours of all the ages, all the devotion, all the inspiration, all 
the noonday brightness of human genius arc destined to extinction in the vast 
death of the solar system, and that the whole temple of man’s achievement must 
inevitably be buried beneath the debris of a universe in ruins — all these things, 
if not quite beyond dispute, are yet so nearly certain that no philosophy which 
rejects them can hope to stand. 

On the other hand, this pessimistic determinism increases the 
importance of religion to those who still admit its validity. It would, 
of course, be easy to quote from any number of orthodox theologians. 
But, as we are only concerned with the effects of scientific thought, 
let us turn to another great philosophic mathematician. Whitehead 
writes : ^ 

* A. N. Whitehead, Science and the Modern World, Cambridge, 1927, pp. 234, 236. 

“ Mysticism and Logic, p. 47. * ^ Wliitehead, loc, cit. p. 238. 
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The fact of the religious vision, and its history of persistent expansion, is our one 
ground for optimism. Apart from it, human life is a flash of occasional enjoyments 
lighting up a mass of pain and misery, a bagatelle of transient experience. 

Again, to some philosophers, such as Eddington, it seems that a 
better understanding of the theory of knowledge and recent develop- 
ments in fundamental physics have weakened the support given by 
science to philosophic determinism. 

However that may be, men are coming to see more clearly both the 
power and the limits of science. Science may (save perhaps in atomic 
theory and quantum mechanics) be in itself deterministic. But that 
is because it is by its nature concerned with regularities in nature, and 
can only work where it finds them. In these pages we have often 
found reason to suggest that the concepts of science are but models 
and not reality. Let us quote Eddington once more: 

The symbolic nature of the entities of physics is generally recognized; and the 
scheme of physics is now formulated in such a way as to make it almost self-evident 

that it is a partial aspect of something wider The problem of the scientific world 

is part of a broader problem — the problem of all experience Wc all know that 

there are regions of the human spirit untrammelled by the world of physics. In the 
mystic sense of the creation around us, in the expression of art, in a yearning 
towards God, the soul grows upward and finds the fulfilment of something im- 
planted in its nature Whether in the intellectual pursuits of science or in the 

mystical pursuits of the spirit, the light beckons ahead and the purpose surging in 
our nature responds. Gan we not leave it at that? Is it really necessary to drag in 
the comfortable word “reality”? 

Our scientific model of nature is so successful that we gain in- 
creasing confidence in believing that reality is something like it. But 
it remains a model, and a model which can only be examined in 
sections, cut to suit our own minds. Man, regarded mechanically, is 
naturally a machine, but, regarded spiritually, he may still be a 
rational mind and a living soul. Science, recognizing its true meaning, 
no longer tries to bind the spirit of man in fetters of Law, but leaves 
him free to approach the Divine in whatever way his soul demands. 

To trace the reactions of modern knowledge on systems of theology, 
and on the Churches which hold them as Greeds, is a problem far less 
fundamental than that involved in the deep questions of reality and 
religion with which we have been concerned. To deal with such 
practical and active controversies is perhaps outside the proper scope 
of this book. Yet it has been impossible to avoid them when con- 
sidering past times, and perhaps something may be said without 
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offence in regard to the present and the future, though it may be 
impossible to avoid all bias due to personal opinion. 

The vast extension, both of scientific knowledge and of scientific 
modes of thought, which, though helpful to essential religion, are 
antagonistic to the mental attitude of some religious people, has 
doubtless done much to increase the drift away from the organized 
Christian Churches — a drift characteristic of the present age. A 
growing number of both the critically minded and the careless ignore 
the Churches, leaving in them those who, for one reason or another, 
accept the familiar doctrines, literally and with a whole heart 
fervently. Meanwhile, the unintelligent and uninstructed, who form 
the majority in any section of the community, obtain more and more 
power, both ecclesiastical and civil, with increasing measures of self- 
government and popular representation.^ The process of segregation 
becomes cumulative, men with different views drift further and 
further apart, even in Anglo-Saxon countries, where hitherto lines of 
division have been less sharp than in lands where Roman Catholicism 
is predominant. Those who try to reconcile theological thought with 
modern knowledge are attacked from both sides. “What have modern 
knowledge and criticism to do with the faith once delivered to the 
Saints?” cries a prominent Anglo-Catholic. “How can men who 
understand parts of their creed in a symbolic sense dare to profess and 
call themselves Christians?” ask both the “fundamentalist” and the 
crude unbeliever. Hence “modernists” who attempt reconciliation 
find it a difficult and thankless task. 

But there is yet another way of combining necessary freedom of 
thought with a recognition of man’s religious needs. It is possible to 
accept the fundamentals both of science, and of religion, as enshrined 
in the form natural to each man, and wait patiently for time to resolve 
discrepancies. This attitude, held consciously or sub-consciously by 
more people than is generally realized, can be defended on logical 
and on historical grounds. From recent anthropology and psychology 
it appears that rite and ritual are prior to and more essential than 
dogma, and are themselves of more spiritual value. On this theory, 
if a Church have a dignified and worthy liturgy, there is no need to 
trouble overmuch about the exact doctrines which that liturgy en- 
shrines. Slowly, and lagging somewhat behind, they adapt them- 
selves to the changing outlook of each succeeding age. There is 


' For the ciTort in Holland of a more democratic form of Church Government in 
favouring “fundamentalism” at the expense of “modernism”, see Kirsopp Lake, The 
Religion of Yesterday and Tomorrow, 1925, [f. 63. 
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abundant justification in history for a waiting attitude towards the Science, 
divergencies between other branches of learning and even the most 
liberal theology — a waiting attitude so characteristic of English ways 
of thought. Meanwhile, as regards the liturgy itself, we may well 
follow the authoritative advice “to keep the mean between the two 
extremes, of too much stiffness in refusing, and of too much easiness 
in admitting any variation from it”. Indeed, from this point of view, 
our people are fortunate among the nations: while every man is free 
to worship as he pleases, the Church of England gives that historic 
order and dignified ritual, that established place in the structure of 
the State, necessary to keep religion in organic contact with the whole 
of life. By its very constitution it is unable to enforce uniformity, and 
must find room within its fold for the Catholic, the Protestant, the 
Modernist and the religiously minded Agnostic. Some regard this 
comprehensiveness as a weakness; but to others it seems a supreme 
safeguard of religious liberty. 

The prospect, both in science and religion, is not without signs of 
danger. Outbreaks of “fundamentalism” in America, such as that 
which tried to suppress the teaching of evolution in the schools, and 
the recrudescence of artificial mediaevalism in England, arc matched 
on the other side by religious persecutions in many countries of 
Europe, where freedom of thought and expression is suppressed. 

Even in other lands, sections of the people display from time to time 
a distinct hatred of science for its own sake — indeed, the balanced, dis- 
passionate, scientific mind is still repellent to the many who cannot 
hold their judgment in suspense while as yet there is no valid evidence 
on which a judgment can be formed. Such dangers may grow if the 
world becomes more swayed by emotion than by reason. 

Even excluding ignorance and prejudice, there is an honest and 
intelligible divergence of view. To the scholar or the theologian, the 
man of science sometimes seems to be busy about little facts and 
trivial problems in an entirely superficial way. On the other hand, 
to the philosopher or the man of science, if they ignore the underlying 
verities and look only to literal interpretations, it seems that, as Hume 
said, “popular theology has a positive appetite for absurdity”. Here 
again the historical method enables us to get beneath surface trivi- 
alities, see the deep secrets of nature that may lie hid in the move- 
ments of the needle of a galvanometer or the markings on a butterfly’s 
wing, and trace the gropings of man’s soul after true religion in the 
exclusiveness of the Catholic or the incredible beliefs of the “funda- 
mentalist”. Tout comprendre, e'est tout pardonner. 

32-2 
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In spite of ignorance, folly and passion, the scientific method has 
won field after field since the days of Galileo. From mechanics it 
passed to physics, from physics to biology, from biology to psychology, 
where it is slowly adapting itself to unfamiliar ground. There seems 
no limit to research, for, as has been well and truly said, the more the 
sphere of knowledge grows, the larger becomes the surface of contact 
with the unknown. 

Physicists, dealing with ultimate concepts, have always been more 
conscious of this outer darkness. Biologists have tended to think that, 
when a phenomenon is described in physical terms, in matter, force, 
energy, or whatever be the concepts in use at the time, an ultimate 
explanation has been found. Physicists know that the difficulties of 
interpretation are then but beginning. Biologists are right to reduce 
their problems to physics where this is possible. But biology has 
a fundamental unit of its own. Whitehead has shown the philosophic 
importance both in physics and biology of the concept of organism, 
which was used in old days in natural history, and in more recent 
times in the study of evolution. The organism is the biological unit; 
but, since the organism is conditioned by physical and chemical laws, 
we must continue to examine it analytically also, and, where possible, 
express its activities in physical terms. 

Meanwhile, physical science, though now more fully conscious than 
ever of the mystery underlying its ultimate concepts, is becoming even 
surer of its power over its proper kingdom. Sometimes, it strikes out 
into new regions in the ardent spirit of youth seeking adventure, with 
no time as yet to reduce the fresh-won territory to order. Then a great 
synthesis of knowledge, such as that which seems coming now, recon- 
ciles different ideas and gives unity instead of confusion. And so 
physical science continually widens our knowledge of the phenomena 
of the natural world, and of the relations between the concepts, final 
or proximate, that we use to interpret the phenomena. On its new 
lands it builds more temples for the human mind. But also it has dug 
so deep that, before the eyes of this generation, it seems to have 
exposed its foundations, and to have reached the unknown ground 
beneath, which necessarily is of a nature different from that of the 
superstructure. As Newton said, “The Business of Natural Philosophy 
is to argue from Phenomena. . , and to deduce causes from effects, till 
we come to the very first Cause, which certainly is not mechanical.’* 
In electrons, wave-groups and quanta of action we reach ideas which 
certainly are not mechanical. We are loth to give up the familiar con- 
ceptual mechanism which, for hvo hundred and fifty years, has 
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interpreted the structure of the natural world with such marvellous Science, 

success. Within its own realm science will continue to use that 

, . , , and Religion 

mechanism to expand man s power over nature, and to gain a yet 

wider survey of and insight into the wonderful complexity of the inter- 
relations of natural phenomena. Possibly the present difficulties will 
be overcome, and physicists formulate a new atomic model which for 
a time will satisfy our minds. But, now or later, intelligible mechanism 
will fail, and we shall be left face to face with the awful mystery which 
is reality. 
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